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THESIS SUMMARY 
 
Algae are a new potential biomass for energy production but there is limited information 
on their pyrolysis and kinetics. The main aim of this thesis is to investigate the pyrolytic 
behaviour and kinetics of Chlorella vulgaris, a green microalga. Under pyrolysis 
conditions, these microalgae show their comparable capabilities to terrestrial biomass for 
energy and chemicals production. Also, the evidence from a preliminary pyrolysis by the 
intermediate pilot-scale reactor supports the applicability of these microalgae in the 
existing pyrolysis reactor.  
Thermal decomposition of Chlorella vulgaris occurs in a wide range of temperature (200-
550°C) with multi-step reactions. To evaluate the kinetic parameters of their pyrolysis 
process, two approaches which are isothermal and non-isothermal experiments are applied 
in this work. New developed Pyrolysis-Mass Spectrometry (Py-MS) technique has the 
potential for isothermal measurements with a short run time and small sample size 
requirement. The equipment and procedure are assessed by the kinetic evaluation of 
thermal decomposition of polyethylene and lignocellulosic derived materials (cellulose, 
hemicellulose, and lignin). In the case of non-isothermal experiment, Thermogravimetry-
Mass Spectrometry (TG-MS) technique is used in this work. Evolved gas analysis provides 
the information on the evolution of volatiles and these data lead to a multi-component 
model. Triplet kinetic values (apparent activation energy, pre-exponential factor, and 
apparent reaction order) from isothermal experiment are 57 (kJ/mol), 5.32 (logA, min-1), 
1.21-1.45; 9 (kJ/mol), 1.75 (logA, min-1), 1.45 and 40 (kJ/mol), 3.88 (logA, min-1), 1.45-
1.15 for low, middle and high temperature region, respectively. The kinetic parameters 
from non-isothermal experiment are varied depending on the different fractions in algal 
biomass when the range of apparent activation energies are 73-207 (kJ/mol); pre-
exponential factor are 5-16 (logA, min-1); and apparent reaction orders are 1.32–2.00. The 
kinetic procedures reported in this thesis are able to be applied to other kinds of biomass 
and algae for future works. 
 
Key words:  Kinetics, Microalgae, Pyrolysis, Pyrolysis-Mass Spectrometry (Py-MS), 
Thermogravimetry-Mass Spectrometry (TG-MS), Chlorella vulgaris 
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NOMENCLATURE 
 
Terms 
Symbol  Description 
A   pre-exponential factor 
a, b, c   constant variables 
α   fractional reaction or degree of conversion 
β   constant heating rate 
Ea   activation energy 
f(α)   kinetic model function or conversion function 
G   Gaussian distribution value 
H   intensity of peak 
Ii   ion current of the ith ion fragment 
I(t)   intensity or ion current of ion fragment at time t 
m0   initial mass 
mf   final mass 
m(t)   mass at time t 
mtot   total evolved mass 
M   number of data points 
Mi   molecular mass of the ith ion fragment 
)(tM    mean molecular mass at time t 
n   order of reaction or reaction order 
N   number of ion fragments 
p, q   partial orders of reaction 
R   gas constant 
R2   coefficient of linear regression 
17 
 
k   reaction rate constant or rate coefficient 
ki   isokinetic constant 
s   width of the peak 
S   least square fitting value 
t   time 
T   absolute temperature 
Ti   isokinetic temperature or compensation temperature 
Te   measured sample temperature 
Ts   true sample temperature 
Tmax   peak temperature of a Gaussian curve 
Td   transfer time delay 
TLT∆   thermal lag 
Vi   yield of ith gas component  
Vi
*   ultimate attainable yield for ith gas  
V&    flow rate 
VR   reactor volume 
 
Abbreviations 
 
ATP   Adenosine Triphosphate 
BSA   Bovine Serum Albumin 
BtVB   Biothermal Valorisation of Biomass 
CHP   Combined heat and power 
DAEM  Distributed Activation Energy Model 
DCM   Dichloromethane 
DP   Degree of polymerization 
DTA   Differential Thermal Analysis 
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DTG   Derivative of thermogravimetric curve 
DSC   Differential Scanning Calorimetry 
EGA   Evolved Gas Analysis 
FID   Flame Ionization detector 
FTIR   Fourier Transform Infrared Spectroscopy 
FWO   Flynn-Wall-Ozawa method 
GC   Gas Chromatography 
HHV   High Heating Value 
KAS   Kissinger-Akahira-Sunose method 
KCE   Kinetic Compensation Effect 
MID   Multiple Ion Detection 
MS   Mass Spectrometry 
MW   Molecular weight 
NADPH  Nicotinamide Ademine Dinucleotide Phosphate 
NDIR   Non-dispersive infrared photometer 
PAH   Polyaromatic Hydrocarbon 
Py-GC-MS  Pyrolysis-Gas Chromatography-Mass Spectrometry 
Py-MS   Pyrolysis-Mass Spectrometry 
RMSE   Root Mean Square Error 
RT   Retention time 
TCA   Trichloroacetic acid 
TG   Thermogravimetry 
TG-FTIR  Thermogravimetry-Fourier Transform Infrared Spectrometer 
TG-MS  Thermogravimetry-Mass Spectrometry 
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Chapter 1 
Introduction 
 
‘As far as the laws of mathematics refer to reality, they are not certain; 
and as far as they are certain, they do not refer to reality.’ 
 
Albert Einstein, 1921 
 
1.1    Overview and Motivation  
Climate change is a major problem concerning people around the world. Significant 
changes, including the increasing ocean and air temperatures, the melting of snow and ice, 
and the rising sea levels, are the discussed issues for many years. Both natural factors and 
human-made factors, such as the increase of population, the growth of industrialisation and 
human activities contribute to the climate change. Human activities, especially burning 
fossil fuels, increase the amount of greenhouse gases in the atmosphere. Generally, these 
gases trap heat in the atmosphere to keep the planet warm in a state of equilibrium but the 
excess human-made gases cause a shift in the earth’s equilibrium. As the earth continues to 
warm, more changes are expected to occur and many effects will become more pronounced 
over time. For this reason, human-caused climate change gives a serious challenge to 
maintain the welfare, health, and productivity of society and the natural environment. A 
well-known collaboration, Kyoto Protocol, is an international agreement to reduce 
greenhouse gas emissions from industrialized countries and the European community. It 
seems like a first step toward the global emission reduction [1]. 
The environmental impacts from fossil fuels and the concern on the energy crisis around 
the world drive the interest on alternative energy supplies. From U.S. Energy Information 
Administration source [2] in Fig.1.1, the renewable energy consumption in US, including 
wind, solar, geothermal, hydroelectric and biomass, in total increases by 5.4 % in 2009.  
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Fig. 1.1 Renewable energy consumption in the US’s energy supply, 2009 
(adjusted from [2]) 
 
One of alternative options is biomass which is a renewable and CO2-neutral source. 
Biomass is not the solution for our total energy shortage but it offers the greatest potential 
for a major short-term contribution to national energy subject. In addition, there are several 
other benefits from using biomass to produce energy and fuels. Apart from the reduction of 
carbon dioxide and the improvement of environment, for the countries which depend on 
the imported fossil fuels, the production of indigenous energy crops can secure their energy 
supply. Moreover, the contribution of energy crops into energy industry creates many jobs 
to the society [3].  
Unlike the direct usages of solar energy or wind power, biomass as a renewable energy 
carrier is always available and they can be used to provide three major forms of energy as 
electricity, heat and fuel, as well as a range of chemicals. Solid biomass and their liquid 
products are well recognized for the advantages of secure and harmless storage, and easy 
transportation [4]. Several choices of conversion process can be applied to transform 
biomass to energy, such as biological conversion, mechanical conversion and 
thermochemical conversion. 
The thermochemical conversion (gasification, liquefaction, pyrolysis and combustion) 
offers high efficiency processes and scalable solutions. The existing commercial utilisation 
of thermochemical process on biomass has been developed and several new sites are on the 
investment plan in many countries [5-8]. Pyrolysis is an initial step of the thermal 
decomposition and it is carried out in the absence of oxygen at moderate temperature [9]. 
Three forms of product from pyrolysis are permanent gases (CH4, CO, CO2, and H2), 
condensable volatiles (light hydrocarbon gases and tars) and solid residue, called bio-char. 
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34 %
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The properties and proportion of each product depend on the operating condition, reactor 
design and also the nature of biomass materials [10, 11]. 
The challenge of bioenergy production growth against the attempt to secure a safe and 
inexpensive food supply is the keystone of this alternative energy development. Recently, 
there are some articles reporting the influence of biofuel production development on the 
food price [12-16]. To avoid a conflict with food production, aquatic biomass, both marine 
and freshwater algae become the potential biomass source. Also, they have high production 
yield and no demand on available arable soils. Moreover, the alternative application of 
microalgae to reduce the CO2 emission for industrial processes or gas power plant offers 
more attractive opportunities. Interestingly, there are some reports which show that the bio-
oils produced from microalgae have competitive potential as the fuels compared to bio-oil 
from lignocellulosic pyrolysis [17-19]. 
As a new biomass, algae are currently of research interest in many organizations. To 
develop algal biomass for commercial energy production, the understanding of their 
thermal behaviour and kinetics are necessary for the effective design and operation of the 
conversion units. Several pyrolysis kinetic models have been reported and they can be 
classified into three categories: global reaction models, multi-component models, and 
multi-step reactions models. The global reaction model describes the overall rate of 
devolatilization in a single step. Their kinetic parameters are the average values for the 
whole complex scheme. This single-step model fixes the mass ratio between pyrolysis 
products; therefore, the prediction of product yields based on process conditions is not 
feasible. Moreover, the pyrolysis process is too complicated to be described by a global 
apparent activation energy [20]. 
Some proposed models suggest that the thermal behaviour of the main components and 
their relative contribution in the initial biomass can present the primary decomposition 
rates of biomass [11, 21, 22]. For lignocellulosic material, their thermal degradation is 
contributed to hemicellulose, cellulose and lignin; although, in a few cases, the 
decomposition of components is involved more than one reaction step, especially 
hemicellulose and lignin [23]. The total devolatilization rate is calculated by linear 
summation of the individual volatilization rate for each component and the released 
volatiles from these concurrent reactions are lumped into several groups [20]. However, 
the overlapping between the different components in the measured weight loss curves and 
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the simultaneous participation of the other components cannot be avoided [23]. Most 
multi-component model can predict only the rate of weight loss. Thus, the additional 
measurements of the three product yields need to be taken into account in order to evaluate 
the related formation rates. Furthermore, some studies reported the multi-step reaction 
models which the formation rates of individual product species are measured [20]. Not 
only the different mathematic model evaluation, but also the nature of biomass and the 
experimental variables (i.e. the heating rate, the initial sample amount, particle size of the 
materials and the geometry of the apparatus) influence to the kinetic parameters [24, 25]. 
Thermogravimetry (TG) is the most common technique to determine the kinetic of thermal 
degradation. The measured weight loss of samples with time or temperature provides the 
global thermal behaviour [24, 26, 27]. Due to the complexity of pyrolysis, the reaction 
mechanism may change during the process. Hence, other analytical techniques must be 
employed to detect and analyse the changes that occur in the chemical composition. By 
coupling with Evolved Gas Analysis (EGA) techniques, such as Mass Spectrometry (MS), 
Gas Chromatrography (GC) and Fourier Transform Infrared Spectroscopy (FTIR), the 
proportion and evolution of volatile products can be monitored. These combined 
techniques provide more information on pyrolysis process which will lead to more 
understanding on the mechanism and kinetics. 
Kinetic study can be carried out at two experimental methods, non-isothermal and 
isothermal method. In the former, the sample are heated up to a desired temperature at 
constant heating rate and in the later, the influence of temperature on the rate of weight 
loss is examined at several measurements at constant temperatures. The advantage of 
isothermal measurements over non-isothermal measurement is that isothermal 
measurement gives the homogeneous sample temperature, while under non-isothermal 
measurements; the presence of the temperature gradient is due to the non-stationary 
heating condition causes from the heat conductivity and sample size. Furthermore, the real 
sample temperature is very difficult to determine in non-isothermal measurements and also 
the rate equation from isothermal measurement is independent of temperature, as it gives 
opportunity to detect the change in reaction order or reaction mechanism [28-31]. However 
isothermal measurement requires several experiments at different temperatures which 
cause a longer experiment time and larger amount of sample. Another drawback is a 
certain extent degradation of samples before the system reaches a desired isothermal 
temperature [31]. To overcome the drawbacks, the reactor design or suitable analytical 
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equipment has to be optimized for effective isothermal kinetic study. 
In last few decades, dynamic or non-isothermal kinetic study has gained more interest. 
This measurement does not require a sudden rise in temperature as the isothermal 
measurement does. The advantage of non-isothermal analysis is that only a single 
measurement can provide a sufficient data for the formal kinetic evaluation over an entire 
temperature range. However, the non-isothermal techniques have received pointed 
criticism and its increased sensitivity to experimental noise as compared to isothermal 
methods [20, 32].   
Reaching to this point, the important of kinetics on the application of biomass for biofuel 
production was highlighted. Unlike woody biomass, the published kinetic parameters of 
microalgae samples are limited and different from species to species. It has been 
recognized that the thermal behaviour of microalgae is different from that of 
lignocellulosic materials because of the difference in basic compositions. Thus, more work 
on the kinetics of microalgae needs to be studied in both isothermal and non-isothermal 
measurement. 
 
1.2   Research objectives 
The main objective of this work is to study pyrolytic behaviour of Chlorella vulgaris and 
to explore the kinetic analysis methods of biomass and investigate the formal kinetic 
parameters in term of apparent activation energy, pre-exponential factor and apparent 
reaction order of Chlorella vulgaris in isothermal and non-isothermal conditions.  
The pyrolytic behaviour of Chlorella vulgaris has been evaluated in order to assess their 
potential for bioenergy and as a supply of chemicals by a wide range of analytical 
instrument. A preliminary pyrolysis in a pilot-scale reactor is carried out to investigate the 
process performance and qualities of products. 
New developed pyrolysis micro-reactor coupled with Mass Spectrometer (Py-MS) will be 
employed and assessed its potential as a technique for isothermal kinetic analysis. 
Isothermal analysis will be starting with the kinetic evaluation of polyethylene and 
lignocellulosic materials (cellulose, hemicellulose and lignin) to assess the equipment and 
procedure before applying them to Chlorella vulgaris sample. 
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In the case of non-isothermal kinetic analysis, an on-line Thermogravimetry coupled with 
Mass Spectrometry (TG-MS) is applied for Chlorella vulgaris pyrolysis. By assuming the 
overlapping of independent, pararell, nth-order reactions of several pseudo-components in 
the raw microalgae, a reaction model will be presented in a multi-component model. The 
model will take into account the different main components in microalgae sample, their 
thermal behaviour and individual evolved gases produced during pyrolysis process. Also, 
the developed procedure to utilize raw data from TG-MS data for kinetic evaluation is well 
demonstrated in this thesis. 
Controversy from other authors who only report the kinetic data from non-isothermal 
conditions for the thermal decomposition of algae, this work might be the first report to 
present the isothermal kinetic results of microalgae. Moreover, there are no any accessible 
articles presenting the non-isothermal kinetic analysis of microalgae by multi-component 
approach before. 
The objectives of this work can be summarized as: 
1. To study pyrolytic behaviour of Chlorella vulgaris and to investigate the formal 
kinetic parameters in term of apparent activation energy, pre-exponential factor and 
apparent reaction order of Chlorella vulgaris under isothermal and non-isothermal 
conditions.  
2. To assess the potential of Chlorella vulgaris as a biofuel and chemicals source by 
various analytical instrument and by a pilot–scale intermediate pyrolysis reactor in 
terms of applicability and qualities of products. 
3. To evaluate the potential of a new developed Pyrolysis-Mass Spectrometry (Py-
MS) technique for isothermal kinetic analysis. 
4. To examine the formal kinetic parameters of polyethylene, cellulose, hemicellulose 
and lignin from isothermal measurements. 
5. To demonstrate the developed procedure to employ raw TG-MS data for non-
isothermal kinetic analysis. 
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1.3  Structure of the Thesis 
The thesis is organised in nine chapters including this chapter. The following topics and 
contents are contained within the Chapters as set out below: 
Chapter 1 This current chapter presents an overview and motivation for the work. The 
objectives and the outline of this thesis are also given in detail. 
Chapter 2 The general information on biomass resource both lignocellulosic materials 
and microalgae biomass is presented in this chapter. Moreover, the chapter 
reviews the pyrolysis reactor which is available at European Bioenergy 
Research Institute (EBRI), together with the pyrolysis process and its 
products. 
Chapter 3 The critical review on chemical kinetics, thermal degradation kinetics, 
isothermal and non-isothermal kinetic measurements, influences on kinetic 
measurement is detailed in this chapter. Also, the literature reviews on 
published kinetic parameters of lignocellulosic component (cellulose, 
hemicellulose and lignin) and algae are well presented. 
Chapter 4 The description of lignocellulosic materials (cellulose, hemicellulose, and 
lignin) and the characterisation methods, together with their results and 
discussion are given in this chapter. 
Chapter 5 The characteristics of Chlorella vulgaris as the selected microalgae sample 
for this work are described in term of basic components, proximate analysis, 
elemental analysis, functional groups and volatile products from lab-scale 
pyrolysis. 
Chapter 6 The results and discussion of a preliminary experiment by a pilot-scale 
intermediate pyrolysis (Pyroformer) with Chlorella vulgaris pellets is 
presented here. 
Chapter 7 This chapter presents the results and discussion of isothermal kinetic study 
of polyethylene, cellulose, hemicellulose, lignin, and Chlorella vulgaris. 
Also, there is the discussion on the potential of the experimental set-up for 
the isothermal kinetic measurements. 
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Chapter 8 Thermogravimetry-Mass Spectrometry (TG-MS) as the apparatus for non-
isothermal kinetic study and the experimental conditions are presented. The 
results and discussion on non-isothermal kinetic study of Chlorella vulgaris 
are also well detailed. Furthermore, the discussion on the comparison of 
isothermal and non-isothermal kinetic parameters on Chlorella vulgaris 
pyrolysis is revealed. 
Chapter 9  The final chapter of the thesis discusses the conclusions derived from this 
research and highlights the key achievements on kinetic analysis. Also, 
some recommendations for future works are given at this chapter. 
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Chapter 2 
Biomass Pyrolysis 
 
Thermochemical conversion includes a number of processes to produce useful fuels and 
chemicals at high temperatures from a wide range of bio-renewable feedstock. As one of 
these conversions, pyrolysis is simply defined as the chemical changes occurring when 
heat is applied to biomass in the absence of oxygen. Also, pyrolysis is viewed as the 
fundamental chemical reaction for gasification and combustion processes. With varied 
end-uses, the pyrolysis process can be carried out as slow, intermediate or fast pyrolysis. 
The products of biomass pyrolysis are a mixture of gaseous, liquid, and solid products 
depending on the operating conditions and the biomass feedstock.  
 
2.1 Biomass resources 
Around the world, the main energy supply for mankind, since the beginning of the 
industrial revolution, is based overwhelmingly on fossil fuels. The combustion of fossil 
resources such as mineral oil and coal has contributed to the increase in the proportion of 
carbon dioxide in the atmosphere which outweighs carbon dioxide uptake through the 
carbon cycle. The carbon is trapped in the carbon chain via photosynthesis in plants and 
released to the atmosphere when vegetable or animal biomasses decompose. The concept 
of utilising biomass as solid fuel is similar to the carbon cycle but the period of carbon 
dioxide release in the combustion of biomass is much shorter than that of the long 
geological periods required for gas, coal and oil formation. For this reason, the emission of 
carbon dioxide from burning of biomass is not considered to be relevant for the climate 
change and renewable fuels from plant sources are considered as ‘CO2 neutral’. 
Biomass generally refers to the organic materials from plants or animals based on carbon, 
hydrogen, and oxygen, often nitrogen, sulphur and also small amount of other atoms, 
including alkali and heavy metals. Biomass is generated through photosynthesis in plants. 
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Photosynthesis, consisting of light and dark reaction, is the process to convert light energy 
to chemical energy in the form of sugar. These processes take place in the chloroplast (see 
Fig.2.1). The light reaction occurs on the thylakoid membrane which chlorophyll absorbs 
light energy and stores the energy in the form of ATP (Adenosine Triphosphate) and 
NADPH (the reduced form of Nicotinamide Adenine Dinucleotide Phosphate). Then, ATP 
and NADPH transfer to the dark reaction, which takes place in the stroma, to convert CO2 
to sugar molecule in the ‘Calvin cycle’. The simple photosynthesis process may be 
presented by: 
 
 
 
 
 
 
 
 
 
Fig. 2.1 Summary of photosynthesis process 
 
Biomass in the form of wood is the oldest form of energy used by humans. Traditionally, 
biomass can be used directly by burning for heating and cooking or indirectly by 
converting through conversion technologies into gaseous and liquid fuels. Due to the 
various forms of fuel from biomass, they can be utilized for variety of needs, such as 
generating electricity, upgrading to fuel vehicles, and providing process heat for industrial 
facilities.  
Biomass fuels are becoming a more common alternative fuel source to fossil fuels as the 
conventional energy prices rise. Sources of biomass can be forest biomass, energy crops 
(i.e. Rape, Willow, Switchgrass, Miscanthus, Poplar, Soybean and Sweet sorghum), 
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aquatic biomass, crop residues, animal wastes, municipal solid waste, wood and wood 
residues [33, 34]. 
 
2.2 Lignocellulosic materials 
Lignocellulosic biomass refers to the plant biomass which consists of cellulose, 
hemicelluloses, and lignin. The proportion of these components depends on the biomass 
species and there are differences between hardwoods and softwoods. For example, 
different types of wood have different constituent proportions as shown in table 2.1 below.  
Table 2.1 Chemical compositions (wt%) of some lignocellulosic biomass  
 
 
 
 
 
2.2.1 Cellulose 
Cellulose is the organic compound of which a primary structural compound is mixed with 
other polysaccharides and lignin on the cell wall in plants. Purity, the degree of 
polymerization (DP), and the moisture content influence the properties of cellulose 
samples [38]. The common chemical formula of cellulose is represented by (C6H10O5)x. 
Cellulose is a long linear chain polymer of homopolysaccharide consisting of β-D-glucose 
monomeric units linked together by (14)-glycosidic bonds. A compound of two glucose 
molecules called cellobiose is the basic building block (see Fig.2.2) of linear polymer of 
cellulose [35, 39]. The intra- and inter- molecular hydrogen bonds from the substituent     
(-OH and -CH2OH) give cellulose high strength [33, 35, 40]. 
 
 
 
  Cellulose Hemicellulose Lignin Ref. 
Hardwoodψ 43.0 35.5 21.7 [35] 
Softwoodψ 43.1 27.7 29.2 [35] 
Pine wood* 48.9 16.8 29.8 [36] 
Beech wood* 46.4 22.4 25.3 [36] 
Corn stoverΩ 51.2 30.7 14.4 [37] 
*on dry ash-free basis    ψon an extractive-free basis     Ωon dry basis 
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Fig. 2.2 The molecular structure of cellulose [41]  
 
2.2.2   Hemicellulose 
Hemicellulose is a complex heteropolysaccharides of hexoses (galacturonic, glucuronic, 
and methylglucuronic), pentoses (arabinose and xylose), and deoxyhexoses with low 
amount of uronic acid [40]. Hemicellulose is another component in the cell wall together 
with cellulose and lignin. Unlike cellulose, hemicellulose is a short chain about 50-200 
monomeric units with branched structures. The low degree of polymerization and 
amorphous structure make hemicellulose have less strength than the crystalline structure of 
cellulose. The general formula of hemicellulose is (C5H8O4)x [33]. Hemicellulose is soluble 
in weak alkaline solutions and it is decomposed during heating more readily than cellulose 
[42]. Hemicellulose consists of sugar units and the most abundant hemicelluloses are 
xylans and glucomannans.  Softwood and hardwood are composed of xylan about 10% and 
30% of the dry weight, respectively [43]. In hardwoods and grasses, the major 
hemicelluloses are xylan, while in softwood the major hemicelluloses are 
galactoglucomannans [39]. The chemical structure of xylan is shown in figure 2.3. 
 
 
 
Fig. 2.3 The molecular structure of xylan [33] 
2.2.3   Lignin 
After cellulose, lignin is the most abundant component of wood and is the most abundant 
polymeric aromatic organic substance in the plant, making up 20-40% of its dry biomass 
[44]. Lignin interspersed with hemicellulose is located surrounding cellulose microfibrils, 
conferring mechanical strength to the secondary cell wall of plants and some algae [45]. 
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Three-dimensional structure of lignin is predominant of three monolignol monomers, p-
coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, which are shown in figure 2.4.  
 
 
 
 
 
 
Fig. 2.4 Three common monolignol monomers in lignin [46]  
 
Lignin structure is complex and a highly cross-linked polyphenolic polymer via the β-alkyl 
aryl ether linkages mainly and also the carbon-carbon and carbon-oxygen bonds [45, 47]. 
Different proportion of three monolignol monomers [44] and the distribution of different 
linkages [48] depend on the source of original biomass and the isolation methods.  
There are two procedures to obtain lignin which are given the conventional name after the 
method of separation. The first procedure is based on the removal of polysaccharides by 
hydrolysis and/or solubilisation and leaving lignin as a residue. Klason lignin or sulphuric 
acid lignin is obtained from the hydrolysis by 72% sulphuric acid. Hydrolytic lignin, 
Willställer lignin, and cuproxam lignin are generated by dissolving cellulose with dilute 
acid, hydrochloric acid, and cuprammonium hydroxide, respectively. Another procedure is 
based on the solubilisation of lignin by specific solvents or reagents. For example, sodium 
hydroxide or a mixture of sodium hydroxide and sodium sulphide is used for the treatment 
of wood and produces the alkali lignin which is then precipitated with sulphuric acid. This 
lignin is known as Kraft lignin. Organosolve lignin is obtained from the organosolve 
process in which the lignin is dissolved in the organic solvent such as methanol or ethanol 
which hydrochloric acid as a catalyst [38, 45, 49]. 
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2.3   Microalgae 
Algae can be referred to as plant-like organisms that are usually photosynthetic and 
aquatic, but do not have true roots, stems, leaves, vascular tissue and have simple 
reproductive structures [50]. Algae can be grown in diverse habitats from permanent snow 
to deserts, such as snow banks, rock and soil, tree trunks [51] but commonly they are found 
in fresh water (i.e. lakes, rivers, ponds, pools) and in sea water. As algae have 
photosynthetic pigments, they are the producer of organic matter and oxygen in the sea as 
do land plants on land. Algae can be microscopic or macroscopic, motile or immotile, 
unicellular or multicellular plants which show a range in size from the very small about a 
micrometre to form of seaweeds which have size more than a metre [52]. While algae that 
can be observed by a microscope are known as ‘microalgae’, algae that are large or 
seaweed are known as ‘macroalgae’. Algae are classified into many divisions by means of 
their pigmentation, life cycle and basic cellular structure [53]. The examples of algae 
classes and their cytological characteristics are presented in table 2.3. 
 
2.3.1 Microalgal cell compositions 
Generally, the cell compositions are not an intrinsically constant factor but they depend on 
environmental factors, particularly light, temperature and nutrient status. The compositions 
are often reported in terms of proteins, lipids, and carbohydrates as the major groups of 
compounds which are abundant in algal cells. Table 2.2 below shows some examples of 
chemical compositions of algae.  
Table 2.2 The chemical compositions of some algae species 
 
 
 
 
 
 
Microalgae 
Chemical composition (wt%)* 
Ref. 
Moisture Ash Protein Lipid Carbohydrate 
Spirulina platensis 3.76 10.38 61.32 8.03 15.81 [54] 
Chlorella vulgaris 3.87 6.30 47.82 13.32 8.08 [54] 
Isochrisis galbana 6.48 16.08 26.99 17.16 16.98 [54] 
Nannochloropsis sp. 3.10 9.44 28.80 18.36 35.90 [55] 
Phaeodactylum tricornutum 3.48 15.9 36.4 18.0 26.1 [56] 
Porphyridium cruentum 4.87 20.0 34.1 6.53 32.1 [57] 
Dunaliella tertiolecta 4.98 13.54 61.32ψ 2.87ψ 21.69ψ [58] 
Chaetoceros muelleri N/A 40.40 27.20 19.70 11.46 [59] 
* on dry basis     ψ on organic basis 
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Table 2.3 Cytological characteristics of some classes of algae [50-52, 60, 61]  
Algae Chromatophores Nucleus Pigments Storage products Cell wall 
Cyanophyceae Blue-green algae  Chlorophyll-a; phycocyanin; 
phycoerythrin 
glycogen; glycoprotein; small 
granules of β-hydroxybutyrate 
polymer and lipid droplets in some 
species 
peptidoglycan layer which is 
carbohydrate substance cross-linked by 
peptides, together with a 
lipopolysaccharide outside layer 
Chlorophyceae Green algae  Chlorophyll-a, b,  β- carotene, 
and lutein as the main pigments 
Starch,  stored in stroma cellulose mainly 
Phaeophyceae Brown algae  Chlorophyll a, c; β-carotene, 
violaxanthin; fucoxanthin as the 
dominant pigment 
Manitol and laminaran, a β-1,3-
glucan similar to the 
chrysolaminarin of other 
photosynthetic stramenopiles 
alginic acid, cellulose, and sulfated 
polysaccharides 
Rhodophyceae Red algae  Chlorophyll-a; carotetene; 
Phycoerythrin as the dominant 
pigment 
Floridean starch loose network of cellulose microfibrils 
filled in with an amorphous gel-like 
matrix of sulphated galactan polymers 
and mucilages. 
Bacillariophyceae Diatoms  Chlorophyll-a, c; fucoxanthin; 
β, e-carotene, diatoxanthin, and  
diadinoxanthin as the dominent 
pigments 
oils and fats strongly silicified in two halves with 
characteristic structures and often 
markings 
Euglenophyceae Euglenoid algae  Chlorophyll-a, b; β-carotene; 
neoxanthin; astaxanthin; 
antheroxanthin 
paramylum and oil no true wall but pellicle which may be 
flexible 
Xanthophyceae Yellow-green 
algae 
 β-carotene, xanthophylls 
diatoxanthin and diadinoxanthin 
with low amounts of 
chlorophyll a 
lipid in the form of cytoplasmic 
droplets, probably also presence of 
soluble polysaccharide 
chrysolaminarin  
primarily, cellulose with silica 
sometimes also presents, and 
sometimes consists of two 
overlapping halves. 
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Carbohydrates 
The main organic constituents of the cell walls of algae are carbohydrates with small 
quantities of lipids and proteins. Roughly the cell wall carbohydrates can be divided into 
water-soluble materials and water-insoluble materials. The former group have a less 
complicated molecular structure and the latter group is suitable as skeletal materials. The 
carbohydrates of algal cell walls include cellulose, mannan, xylan, alginic acid, fucinic 
acid and chitin [62]. Siddhanta, et al. [63, 64] reported the wide range of the crude 
cellulose extracted from several species of seaweed at 13.65 -1.2 %. Mannan and xylan 
have been found in red and green algae [65]. Alginic acid together with fucinic acid has 
been found as the major constituents of the cell walls of brown algae [66]. The amorphous 
or continuous matrix in the ultrastructure of cell wall is dissolved partly as the water-
soluble fraction and partly in KOH solution as the hemicellulose fraction. Mucilages (D-
glucose, D-mannose, D- and L-galactose, L-rhamnose, D-xylose, L-arabinose, D-
glucuronic acid, D-galacturonic acid, L-fucose, D- and L-3, 6-anhydrogalactose, and 6-O-
methyl-D- and L-galactose, sulphuric acid and pyruvic acid) are the mainly constituents of 
the continuous matrix of cell walls [62, 67]. Glucose is the principal sugar, while varying 
proportions of rhamnose, fucose, ribose, arabionose, xylose, mannose and galactose are 
detected [68].  
 
 
 
 
 
 
 
 
 
Fig. 2.5 Amylose and Amylopectin structures 
Amylose O
O
O
CH2 OH
OH
OH
OH
OH
OH
CH2 OH
O
O
CH2 OH
OH
OH
.
 n 
Amylopectin O
OH
OH
CH2 OH
O. O
O
OH
OH
O
CH2 OH
CH2
O
OH
OH
OO ..
 
n 
35 
 
As green algae have similar metabolism as that of land plant, the photosynthesis products 
are true starches, amylose and amylopectin (Fig.2.5). While brown algae have laminarin 
and manitol [69] and red algae have floridean starch as their main storage products [70]. 
 
Lipids  
Lipid is another important component in algae cell. Non-polar lipid (monoglycerides, 
diglycerides, triglycerides, and free fatty acids) are available as storage products. The polar 
lipid (phospholipids and galactolipids), like those of chloroplast of higher plants, are 
largely surfactant molecules which function both as structural elements and as metabolites 
in the photosynthetic organelles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.6 Some structures of lipids and fatty acids which are available in Chlorella vulgaris 
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Most of algal oils have similar fatty acid constitutions to common vegetable oils. The fatty 
acids of algal storage occur in range from C12 to C24, thus the common saturated straight 
chain fatty acids of vegetable oils such as lauric (C12), myristic (C14), palmitic (C16) and 
stearic (C18) are found in algae. It is rare reported the appearance of branched-chain fatty 
acid. 
For Chlorella vulgaris, the lipid compounds were found as Monogalactosyldiglyceride, 
Digalactosyldiglyceride, Phosphatidylethanolamine, Sulphoquinovosyldiglyceride, 
Phosphatidylglycerol, Phosphatidylcholine, and Phosphatidylinositol. Each of these lipid 
may consist of the fatty acids: C14:0, C16:0, C16:1, C16:2, C16:3, C18:0, C18:1, C18:2, 
C18:3 [71-73]. Yoo, Chan et al. [74] reported that palmitic acid (C16:0), oleic acid (C18:1) 
and linoleic acid (C18:2) were the main components; while palmatoleic acid (C16:1) and 
stearic acid (C18:0) were the minor fatty acids.  The structure of some lipids and fatty 
acids available in Chlorella vulgaris are shown in Fig.2.6.  
 
Proteins 
Most of the figures in the literature on the content of algal proteins so-called ‘crude 
protein’ are based on the estimation by the method after Kjeldahl [75, 76]. The crude 
protein figure is obtained by hydrolysis of the algal biomass and estimation of the total 
nitrogen which results in an overestimation of the true protein content because proteins are 
not the only source of nitrogen. The cellular nitrogen include inorganic-, free α-amino-, 
free amino-, volatile-, and protein nitrogen. However, normally protein is the main 
component of nitrogen fraction. Other protein estimation procedures are the method after 
Lowry and Biuret method which based on colour reactions with defined protein content 
without reacting with other nitrogen-containing compounds [61]. 
 
2.3.2 Microalgal biomass production 
Like terrestrial plants, the process of algal photosynthesis requires sunlight, carbon dioxide 
from the atmosphere and also several nutrients for their natural growth. Therefore, the 
mass cultivation of microalgae requires carefully controlled conditions to produce optimal 
yield.  
The large-scale cultures are practically maintained outdoor because they have the 
advantage of available sunlight. However, the temperature and the intensity of sunlight are 
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the uncontrollable parameters due to the season dependence and circadian cycle in 24 
hours of sunlight. These conditions are more appropriate for countries or regions with high 
solar radiation [61]. As the light source is the limiting factor, the artificial light sources like 
fluorescent lamps can be used in the pilot scale of microalgal cultivation [77]. For an 
efficient and economical photo-bioreactor, the selection of a light source as a key design 
challenge needs to consider both its spectral quality and intensity. The ability to absorb the 
solar energy of microalgae in mass cultivation is governed by several factors, including 
cell density, the length of the optical path of the system, the optical properties of the 
microalgal cells and rate of culture mixing [78].  
Carbon dioxide fixation of microalgae is one of important factors for algae cultivation. 
Besides microalgae absorb free carbon dioxide from the atmosphere as a carbon source for 
photosynthesis from atmosphere, they can gain benefit from the fixation of CO2 in 
discharge gases from industries and power plants [79]. Normally the ability of diffusion 
rate of CO2 from the air into the water is too slow to replace the CO2 assimilated by rapidly 
growing algae. Thus, the additional CO2 must be applied to cultivation medium to ensure 
satisfactory growth [80]. 
Nutrients are another factor for natural growth of microalgae. The main nutrients are 
nitrogen, phosphorus, and also minor nutrients as silicon, potassium, sodium, iron, 
magnesium, calcium and some trace elements such as copper, manganese, zinc [50]. After 
carbon, nitrogen is the most important nutrient contributing to the biomass production. 
Some algae can fix nitrogen from the air in the form of nitrogen oxides [81]. Alternative 
sources of nitrogen can be applied as nitrate (NO-3), ammonia (NH
+
4) or urea into the 
medium [82]. Under nitrogen limitation or starvation, there is the discolouration of the 
cells because the decrease in chlorophylls and the increase in carotenoids, also there is the 
accumulation of organic carbon compounds such as lipids and carbohydrates depending on 
the algae species [83, 84]. Although phosphorus in algal biomass is in small amount, it 
plays an important role as a growth limiting factor.  
Three main designs of mass cultivation of algae can be classified as the open system, the 
closed system and co-process system utilising the carbon source from industrial waste. 
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Open systems 
Open systems can be the natural ponds as lakes, lagoons, ponds or artificial ponds, or 
specific designed containers. The most common design of open system is called ‘raceway 
ponds’ [85] which are made of a closed loop with circulation to stabilize algae growth and 
productivity (Fig.2.7(a)). The carbon dioxide fixation is mainly from the atmosphere but an 
external CO2 supply can be installed to enhance the productivity. The advantages of open 
ponds over closed system are that they are easily to construct and are low cost. Also, they 
need less energy supply by using natural light energy from the sun [86]. However, open 
ponds have some limitations which influence the production. The low CO2 diffusion, poor 
light utilization, and inefficient mixing cause lower productivity compared to the closed 
system. Moreover, due to the possibility of contamination or pollution from other algae 
and heterotrophs in open pond, suitable algal species should able to grow under highly 
selective environments [87]. 
 
 
 
 
 
 
Fig. 2.7 (a) an open system (a raceway pond) and (b) photo-bioreactor for producing algae 
[88, 89] 
 
Closed systems 
The limitations of open ponds have driven the development of closed system which can be 
classified into outdoor closed systems and indoor closed systems. The typical design of a 
closed system is the ‘tubular photo-bioreactor’ [80]. The photo-bioreactor (Fig.2.7(b)) is 
suitable for some sensitive algal strains because the contamination is controlled easily. For 
indoor closed system, the artificial light sources are chosen at a suitable intensity. 
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Although the closed systems attain high cell mass productivities but the overall cost of 
closed systems are still higher than those of open systems. 
 
Co-process with waste treatment 
This system is to combine the algal cultivation with the carbon dioxide emission mitigation 
and wastewater treatments. The major driving forces of these designs are the removal of 
CO2 from the atmosphere, capturing or utilizing the CO2 from fossil fuel combustion, and 
reducing the cost of nutrients. This algal biomass can be converted efficiently into biofuels 
with high productivity and low-cost cultivation [90]. While the CO2 fixation from the 
atmosphere is limited by low CO2 concentration in air, the mitigation of CO2 emissions 
from power plants achieves higher yield because of the higher CO2 concentration [91].  
The benefits from utilizing waste water treatment process to algae production are the 
saving of nutrients cost and the minimizing of the freshwater use for algae cultivation. 
Some preliminary growth studies indicated both fresh water and marine algae have a 
potential in waste waters treatment [92, 93]. Microalgae have potential to remove nitrogen, 
phosphorus, and metal ions from wastewater [79] and CO2 from industrial exhaust gases; 
however these applications can only be achieved with a limited range of algae which are 
tolerant of the extreme conditions. 
It is difficult to directly compare the performance characteristics of each mass cultivation 
system because they have different advantages and disadvantages. The choice of system 
depends on the production costs, value of the desired products, location and production 
quantity.  
 
2.3.3 Potential role of biofuels from microalgae 
Increased interest in the production of biofuels from algae has been achieved by several 
advantages.  
(1) Microalgae have high energy efficiency to convert solar energy into chemical energy 
and they have rapid growth potential; some strains can be harvested daily [94]. Hence, the 
production yield of microalgae is higher in comparison to terrestrial plants [95].  
(2) Although microalgae are grown in water media, as compared to terrestrial crops, 
microalgae require less freshwater demand [96].  
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(3) The microalgal biomass production is not seasonal and can be grown invariable 
climates (especially the closed system). Thus, they can be produced all year round [97]. 
Also, microalgae consist of 20-50% oil content [91] which leads to high oil productivity. 
Figure 2.8 is showing the comparison of oil yield for biodiesel production of several 
biomasses, including microalgae which are produced from photo-bioreactor. Biodiesel 
from algae oil has main characteristics quite similar to petroleum diesel [98]. 
 
 
 
 
 
 
 
Fig. 2.8 The oil yield for biodiesel production from different biomass [99]  
(4) Microaglae can be cultivated on non-arable land and marginal area which are not 
suitable for agricultural purposes, such as desert and seashore lands. Therefore, they do not 
compete with food production [97].  
(5) For environmental and economic concerns, some microalgal cultivations are located 
next to the power plants or industries, for taking up CO2 form flue gases and obtaining the 
nutrients, e.g. nitrogen and phosphorus from wastewater [100].  
(6) Another environmental benefit of microalgal cultivation is that there are no herbicides 
or pesticides application requirements [97].  
(7) Besides biofuel production, microalgae produce valuable co-products such as fertilizer 
[101] and materials for fermentation to produce ethanol or methane [91].  
(8) Microalgal biomass can be utilized for a wide range of fuel production such as 
biodiesel [102], bioethanol [103], biomethane [104], and biohydrogen [105].  
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2.3.4 Biothermal Valorisation of Biomass (BtVB) process 
Biothermal Valorisation of Biomass (BtVB) process is a patented process [106] which was 
developed at European Bioenergy Research Institute (EBRI), Aston University, UK. This 
process demonstrates an improved method for thermal conversion of ash-rich biomass as 
microalgal biomass and this process also presents the combination of microalgae into the 
bioenergy area effectively. It is the integration of different processes such as algal biomass 
production, biogas units, pyrolysis processes, gasification processes and heat and power 
generation plants. Pyrolysis vapours are high quality and highly energetic, dust and tar free 
which are suitable to combine with heat and power (CHP) use after a gasification step. 
Char produced from intermediate pyrolysis in BtVB process is suitable for further 
applications such as combustion, carbon sequestration and soil re-fertilisation. The varied 
sized feedstock can be applied into intermediate pyrolysis; char can be separated from 
vapour easily. Moreover, various types of biomass may be introduced to this process. Ash-
rich biomass, like microalgae, is also possible for use in the intermediate reactor. Exhaust 
gases from biogas plants and from gas engines are transferred to algae plantation as a 
fertilizer. Apart from the raw microalgae biomass, algae with high oil content can be 
extracted by mechanical or solvent extraction for biodiesel production. Although 
microalgae biomass is main feed, other regional feedstocks can be used together with algae 
during the winter time, when algae production slows down. The diagram of Biothermal 
valorisation of Biomass (BtVB) process is shown in figure 2.9. 
The BtVB process offers closed loops of fertiliser recycling. Residues from the biogas 
units may be used as a fertilizer in algae plantation. The high ash content microalgae are 
processed through thermal conversion techniques and yielded a by-product with high ash 
content solid phase. The mineral matter in pyrolysis char is used for the energy crops as 
fertilizer and at least part of char may be extracted with water to recover mineral elements 
such as potassium, phosphates, nitrates and silica and then feed this mineral solution into 
microalgae cultivation system as a growth fertilizer. The dried extracted solid residue may 
be used for coupled gasifier or as fertilizer to the energy crop field, so called ‘black earth’ 
which also brings carbon back into soil. Moreover, the aqueous phase of two-phase liquid 
products which is rich in inorganic matter may be added as a fertilizer to algae plantation 
and it can be considered as the closed water loop as well. In addition, the exhausts gases 
from engines are taken to algae medium as another source of fertilizer. 
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Fig. 2.9 The Biothermal valorisation of Biomass (BtVB) process [106, 107]  
 
2.3.5 Chlorella vulgaris 
Chlorella vulgaris is a species of green non-motile unicells in the Chlorophyceae class. 
They have a spherical shape with 2-15 µm diameter [108]. Sometimes it is called ‘the 
green ball’ as show in figure 2.10. Chlorella vulgaris have a simple life cycle with high 
reproductively rate. Their cells are divided into two or four non-motile daughter cells and 
enclosed for a little while within the parent cell wall [109]. When the parent cell wall 
breaks, daughter cells are released into the medium. 
 
 
 
 
 
Fig. 2.10 The microscopic picture of Chlorella vulgaris [110]  
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Chlorella unicellular microalgae have been used as a model for biochemical and 
physiological works in many studies because their relatively simple structure and the close 
resemblance of photosynthesis and respiration systems with those in plants [111].  
For decades, Chlorella vulgaris has been widely available in the food industry. They also 
show great potential for bioenergy applications due to their high growth rate and high oil 
content. They can be cultured under autotrophic and heterotrophic conditions [112]. The 
oil content (%) of Chlorella, compared to those of other microalgae is shown in table 2.4. 
Table 2.4 The oil content of microalgae [99]  
 
 
 
 
 
 
 
 
 
 
The difference in oil content in microalgae depends on not only the species, but also the 
cultivation conditions. The carbon dioxide concentration, nitrogen depletion, harvesting 
time, and also the method of extraction are the influences to the lipid content and the lipid 
compositions. The lipid content in Chlorella vulgaris increases when the nitrogen 
concentration decreases and the CO2 concentration increases [73, 113].  
Moreover, there are several published works showing that Chlorella vulgaris has potential 
as a bio-sorbent for heavy metal removal, such as Cadmium (II), Nickel (II), Zinc (II), 
Lead (II), Chromium (VI), Iron (II), Iron (III), Copper (II) [114-121], phosphorus removal 
[122, 123], nitrogen removal in ammonia form [124, 125], and dyes removal from textile 
Microalgae Oil content (wt % dry) 
Schizochytrium sp. 50 - 77 
Botryococcus braunii 25 - 75 
Nanochloropsis sp. 31 - 68 
Neochloris oleoabundans 35 - 54 
Nitzschia sp. 45- 47 
Cylindrotheca sp. 16 - 37 
Nanochloris sp. 20 - 35 
Isochrysis sp. 25 - 33 
Chlorella sp. 28 - 32 
Phaeodactylum tricornutum 20 - 30 
Dunaliella primolecta 23 
Tetraselmis sueica 15 - 23 
Monallanthus salina > 20 
Crypthecodinium cohnii 20 
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wastewater [126, 127]. These proposed bio-sorption potentials of Chlorella vulgaris lead 
to their biomass production for biofuels combined with wastewater treatment as well as 
their solvent tolerance, acid tolerance and high CO2 concentration tolerance [128-130] 
support their application to water treatments and CO2 fixation. 
 
2.4   Pyrolysis conversion process 
Apart from the biochemical and physical conversion, thermochemical conversion has been 
currently attracting the most interest for biofuel production. It mainly consists of 
combustion, gasification, and pyrolysis process. Each gives a different range of products 
and uses different equipment configurations operating in different conditions. Combustion 
process is well-defined technology and generates environmental concerns. Pyrolysis 
becomes an interesting conversion technology because its efficient energy production, 
easily stored and transported products in the forms of liquid fuels and solid char, and the 
wide range of produced chemicals [43]. 
Pyrolysis is thermal degradation in the absence of oxygen and it is a fundamental step in 
combustion and gasification followed by total or partial oxidation of the primary products. 
Pyrolysis occurs at relatively lower temperatures about 300–800°C than those of 
gasification at 800–1100°C. High temperatures and long residence times are suitable for 
gas formation. The carbonisation process at low temperature and long residence times are 
the preferred conditions for char formation, whereas pyrolysis promoting the liquid 
production occurs at medium temperature with short residence times [131]. 
Based on the operating conditions, the pyrolysis can practically be divided roughly into 
three groups as conventional pyrolysis or slow pyrolysis, intermediate pyrolysis, and fast 
pyrolysis. The key parameter classifying them is the residence time of solid phase within 
the reactor. Gas phase residence time for fast and intermediate pyrolysis is kept below two 
seconds. The proportion of gas, liquid and char products are controlled by the heating 
temperature and vapour residence times. The process parameters as well as heating rate 
also influence the subsequent behaviour of the products by secondary reactions.  
Conventional or slow pyrolysis is characterized by a slow heating rate which leads to 
significant portions of solid product. The vapour residence time is in the order of minutes 
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or longer. The residence time may last longer up to days at low temperature for producing 
charcoal or char mainly and is referred to a carbonization [33].  
The characteristics of fast pyrolysis which are described by Bridgwater, et al. [132] are : 
(1) high heating rate and high heat transfer rate; (2) short vapour residence times less than 
2 s; (3) well-controlled pyrolysis reaction temperature about 500°C and vapour phase 
temperature about 400–450°C; (4) rapid cooling of the vapour phase [132]. Chemical 
reaction kinetics, heat and mass transfer processes and phase transition play important 
roles in this complex conversion.  
If the purpose of the pyrolysis process is to obtain high yield of liquid products, a fast 
pyrolysis is recommended. The main product is bio-oil which was reported up to 75 wt% 
on dry feed basis for woody biomass [131]. However the fast pyrolytic liquid products 
present in one phase include water, acids and tars. In the case of non-woody biomass 
(grasses, straws, industrial residues, and agricultural residues), their pyrolysis process and 
products are far more complicated than those of woody biomass. In addition, feedstock has 
to be well prepared with low moisture content. 
To minimize the exposure period at low temperature, the fast pyrolysis technique uses 
small particle biomass in a fluidized bed and a very quick heating at the surface of the 
particle in ablative reactor [133]. These lead to the difficulties for separation solid phase 
from liquid and gas phases. 
 
2.4.1 Intermediate pyrolysis 
In the last few years, there has been a development of intermediate pyrolysis at European 
Bioenergy Research Institute (EBRI), Aston University as a part of Biothermal valorisation 
of Biomass (BtVB) process. The intermediate pyrolysis operated with coaxial conveyor 
screw reactor or ‘Pyroformer’ [134] in the parameter range of between slow and fast 
pyrolysis produces different product qualities. The operating temperature is in the range of 
300–550°C depending on the biomass feed. The Pyroformer (length: 1810 mm; diameter: 
220 mm) consist mainly of two screws which the inner screw (screw thread: 86 mm) 
transports the biomass feed from the feeder side to the other end of the reactor and the 
outer screw (screw thread: 90 mm), which moves in opposite direction, transports a 
fraction of the char produced during the run with the ratio by weight of biomass to char in 
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the range 1:1 to 1:20. The importance of char transporting with the outer screw as a heat 
carrier is to improve heat transfer and char also acts as a reforming agent during pyrolysis 
process. The figure 2.11 shows the design of Pyroformer as presented by Hornung and 
Apfelbacher [134]. 
 
 
 
 
 
 
 
Fig 2.11 The longitudinal schematic view of Pyroformer (adjusted from [134]) 
 
Hornung and co-workers reported the product yields from intermediate pyrolysis as: 
liquids (40-60 wt%), char (15-25 wt%), and non-condensable gases (20-30 wt%) [107]. 
They also proposed the advantages of intermediate pyrolysis process in [107, 143, 135] 
that: 
(1) Its operating conditions preventing the formation of high molecular tars and offer dry 
char which is suitable for fertilisation or combustion further applications.  
(2) There are a wide range of feedstock which can be used with intermediate pyrolysis 
reactor, such as algae, residues from biogas plants, energy crops, wood residues, and 
sewage sludge.  
(3) There is the flexibility in size of feedstock (in the forms of pellets, powdered, or chip) 
for intermediate pyrolysis, so the use of large size feedstock leads to separate solid phase 
from vapours phase easily. 
(4) Pyrolysis liquids from intermediate pyrolysis present in two phases, aqueous phase and 
organic phase. The removal water from the pyrolysis liquids is easy and end up with low 
water content oily phase. 
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(5) Defined residence time can be adjusted flexibly by varying the speed of the screw. It is 
suitable for various feedstocks with different optimal residence time. 
(6) This unit requires less sophisticated technology compared to slow and fast pyrolysis to 
get similar products, thus it is considered a low cost investment with the ability for scale 
up. 
(7) Although the procedure to increase specific energy density of biomass as the 
intermediate for gasification and combustion has been investigated, there are some 
difficulties to apply pyrolysis liquids as direct fuel for engine or pyrolysis vapours into 
gasification system. The vapour phase from intermediate pyrolytic reactor has low ash 
content without dependence on ash content of starting biomass. This advantage offers the 
suitability of combining with a gasifier and also the applicability for ash-rich biomass such 
as microalgae biomass. Furthermore, the internal pressure in this reactor is above 
atmospheric pressure, typically at least 50 or 200-300 mbar over atmospheric pressure. 
This allows pumping pyrolytic vapour effectively into the gasifier. 
 
2.4.2 Pyrolysis mechanism 
Pyrolysis is a complex thermal degradation process composed of numerous reactions 
resulting in the production of a huge number of chemical compounds. However, basically 
the reaction products are often lumped into three groups: gas, pyrolytic liquid and char 
[136] or into two groups: volatile and char. 
Based on thermogravimetry, the primary degradation of biomass start at about 227°C and 
is practically terminated at 427–477°C [23]. The weight loss of thermogravimetric analysis 
results from the overlapping of several reactions, thus they can be used for global 
mechanisms. The reaction mechanisms may be defined in three reactions which are (1) the 
primary pyrolysis or biomass devolatilization which is the main reaction to convert solid 
into permanent gas, condensable vapour and char; (2) secondary gas phase reaction of the 
release gas and tar species; and (3) heterogeneous reactions between solid and gas [137].  
Moreover, typically the decomposition of lignocellulosic materials may be evaluated by 
two different models. The first approach is to consider separated competitive reactions to 
describe the product distribution independent of the chemical compositions [138]. The 
second approach is when the decomposition rates of biomass may be modelled by the 
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thermal behaviour of the main components in the biomass, namely cellulose, 
hemicellulose, and lignin, and also their relative contribution in the chemical composition 
[21, 27]. Each component decomposes at different rates and by different mechanisms. 
Several zones are reported in the weight loss curves which can be associated with the 
component decompositions; hemicellulose decomposes at 225–325°C, cellulose 
decomposes at 325–375°C and lignin decomposes in the wide temperature range at 250–
500°C [23]. The volatile products from pyrolysis of biomass are mainly from the 
degradation of cellulose and hemicelluloses but lignin products dominate char yield [139].  
When the heating rate increases, the weight loss region of each component will be merged 
to each other and shift to higher temperature. At fast heating rate or high temperature, all 
component degradation occurs simultaneously. However the overlap between the different 
compounds cannot be avoided, so the term ‘pseudo-component’ is more appropriate [23]. 
In addition, the thermal behaviour of each component cannot be applied directly to 
biomass due to the difference of separation procedure, the presence of mineral matter, and 
component interaction. 
Hosaya, et al. [140] considered the interactions between lignocellulosic components. There 
were the significant interactions between cellulose and lignin. Lignin inhibited the thermal 
polymerization of levoglucosan but enhanced the formation of smaller molecules from 
cellulose. While cellulose reduced the secondary char formation from lignin and enhanced 
some lignin-derived product. On the other hand, the interaction between cellulose and 
hemicelluloses was described as a weak interaction. 
Secondary reactions of primary tar vapours become active at high temperatures and 
sufficient long residence time. Primary tar is the product from primary pyrolysis and after 
leaving from the solid phase, the primary tar vapour is subjected to secondary tar reactions 
[141]. Tar is a very complex mixture of organic compounds such as phenolics, olefins and 
polyaromatic hydrocarbon (PAH) [142]. Tar formation can occur in the pores of the fuel 
particle as well as in the vapour phase and on surfaces of the fuel particles or other bed 
media. In addition primary volatiles may go through competitive pathways between char 
formation and cracking to form secondary volatiles [144]. Van de Velden, et al. mentioned 
that cracking and water-gas shift reaction are the important secondary reactions of 
pyrolysis [133]. Boroson, et al. (1989) [144] reported that at high severities, CO is the 
major by-product of tar conversion and the coke formation is negligible as well as the 
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decrease of tar molecular weight with increasing tar conversion [144]. Main factors which 
need to be concerned for supporting secondary reactions are particle size, temperature, gas 
dilution, residence time and amount of fuel [133, 145]. 
Although there is numerous weight loss measurements of biomass pyrolysis, there is a 
difficulty to compare these results because thermal characteristics depend on the biomass 
species, the geographical origin, age, operating parameters, and the thermal analysis 
instrument. 
 
Pyrolysis mechanism of cellulose 
Extensive studies on cellulose pyrolysis mechanism have been made over the past several 
decades. The early general mechanism for cellulose pyrolysis is ‘Broido-Shafizadeh 
reaction scheme’ [146] which is shown in figure 2.12. The initial reaction, involving no 
weight loss, is an induction or activation to form ‘active cellulose’ which is related to the 
nucleation process [147] and this step may be neglected at temperature above 300°C [146]. 
Following by a pair of competing reactions, one is the depolymerisation to yield 
levoglucosan and its breakdown products which are lumped together as ‘volatiles’. 
Another pathway is char and gas formation.  
 
 
 
Fig. 2.12 Cellulose decomposition model by Bradbury, et al. [146]  
Later, there were several studies aiming to improve the cellulose pyrolysis scheme. 
Mamleev, et al. [147] concluded that the char formation cannot occur in the same pathway 
as the gas formation because from the experiment result [147] showed the increase of light 
gases with heating rate but the Broido-Shafizadeh model predicts a decrease of gaseous 
and char yield. Thus, the gas formation competes with the char formation. Agrawal [148] 
proposed a modified version of the Broido-Shafizadeh model, assuming that cellulose 
decomposes into gas, char and tar products. Although the Broido-Shafizadeh model and its 
modified models have been widely applied, they do not describe the details of 
decomposition. 
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Fig. 2.13 Two coupling pathways of cellulose decomposition  
proposed by Banyasz, et al. [149]  
Levoglucosan was considered as a main fraction of tar produced from the pyrolysis of 
cellulose. Later, the recognition of hydraxyacetaldehyde or glycoaldehyde as a major 
product led to the extension in detail of the cellulose mechanism [150, 151]. Recently, 
cellulose decomposition models have been suggested to be more complicated pathways. 
Banyasz, et al. [152] proposed a cellulose mechanism with hydroxylacetaldehyde, 
formaldehyde, CO2, CO and levoglucosan as main products (see figure 2.13). This model 
consists of two main pathways (low temperature and high temperature pathway). 
Hydroxyacetaldehyde, formaldehyde and CO formation are token place at high 
temperature pathway involving an intermediate. While the formation of levoglucosan or tar 
at the low temperature pathway is reversible process. 
 
Pyrolysis mechanism of Hemicellulose 
Compared to cellulose studies, there are considerably fewer papers dealing with the 
decomposition of the various hemicellulosic materials.  Xylan starts decomposing at a 
lower temperature (about 250°C) than that at which cellulose does and continues with slow 
degradation to the high temperature region [139]. The main products are attributed to 
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water, methanol, carbon monoxide, carbon dioxide, formaldehyde, formic acid, acetic acid, 
acetone, acrolein, 2-furaldehyde, and 3-hydroxy-2-pentono-1,5-lactone [153]. Due to the 
observed multi-peak of the derivative of the thermogram of hemicellulose decomposition, 
a three successive reaction chain model [27], a successive reactions model [154], and a 
semi-global reaction mechanism model [155] were proposed to describe the hemicellulose 
mechanism (see figure 2.14). 
 
 
 
Fig. 2.14 Semi-global reaction mechanism for the thermal degradation of hemicelluloses;  
where the A is xylan and B is the intermediate reaction product (a reduced degree of 
polymerization intermediate). 
From figure 2.14, the competition between volatile and solid formation is taken into 
account for both steps. The first stage is much faster than the second stage and the reaction 
time of these two stages decrease with temperature; while their ratio remains almost 
constant [155]. A large fraction of volatiles is produced in the first step due to the cleavage 
of the glycosidic bonds and the decomposition of side-chain structure. While the second 
slow degradation may be attributed to fragmentation of other depolymerised units [156]. 
 
Pyrolysis mechanism of Lignin 
Due to the complexity of lignin and the difficulty in extraction, the study of pyrolysis 
mechanism of lignin is limited. Lignin decomposes over a wide range of temperatures 
starting from 200°C, a lower temperature than that of cellulose, and covers a rather wide 
temperature interval [139]. Lignin pyrolysis is a radical process of the competition between 
initiation, propagation and termination reactions. The initiation reactions are strongly 
related to the bond energies of lignin structure. While the termination reactions need to be 
concerned the diffusive limitations to the effective radical collisions and recombinations 
[44]. Main products from lignin pyrolysis are phenol and its derivatives–methoxyphenol, 
guaiacol and cresol. Also, methanol, formaldehyde, acetaldehyde, acetic acid and light 
hydrocarbons, as well as CO, CO2 and H2O are produced from pyrolysis of lignin [157]. 
A 
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B 
B 
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Above 527°C, tar becomes the major pyrolysis products. The primary tar can occur the 
secondary cracking at the unsaturated side-chain and phenolic aromatic ring structure [158] 
to produce CO, CH4, C2H4 and other light gaseous products [159]. Both gauiacols and 
catechols can undergo secondary reactions with relatively independent of the presence of 
other molecular species and the residual polymeric material [157, 158].  
Sharma, et al. [45] studied char formation from lignin and reported that due to the highly 
cross-linked and refractory nature, lignin chars have lower reactivity than those of other 
biomass constituents. The yield and characteristics of lignin chars depend on the pyrolysis 
conditions. The presence of inorganic matter, such as Na and K, lead to high char yield. As 
the pyrolysis temperature increases, the aromaticity and the carbonaceous mature of the 
char increases and hydrogen, as well as oxygen content of the char decrease.  
 
2.4.3 Pyrolysis products 
The polymeric constituents of biomass are degraded into smaller units that can be liquids, 
gases, and solids. These products from the pyrolysis process can be used more readily and 
may be considerably more valuable than raw biomass. The primary products can be used 
directly or can be converted further into even higher quality and valuable fuel or chemical 
products. The compositions and properties of the biomass-derived products depend on the 
pyrolysis conditions, i.e. pyrolysis temperature and heating rate [160]. 
 
Liquid products 
The present interest in liquid products from pyrolysis or other thermochemical conversion 
are driven by their high energy density which reduces the cost of storage and transport and 
their potential for further applications of heat and electricity generation and upgrading to 
premium-grade fuels. The dark brown organic liquids from pyrolysis are called bio-oil, 
pyrolysis oils, bio-crude oil, wood oil, pyrolysis liquids, wood liquids, or wood distillates. 
The pyrolysis oil is composed of a very complex mixture of both aliphatic and aromatic 
hydrocarbons together with high amount of oxygenated hydrocarbon [161, 162]. Five 
broad categories of hydrocarbons detected in pyrolysis oil are hydroxyaldehydes, 
hydroxyketones, sugars and dehydrosugars, carboxylic acids, and phenolic compounds 
[33]. The complexity arises from the degradation of lignin which gives a broad spectrum of 
phenolic compounds. 
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Although pyrolysis oil from biomass pyrolysis shows the opportunities for fossil fuel 
replacement, its properties are significantly different from those of petroleum-derived oils 
and the definition of oil quality may differ by applications. Table 2.5 shows the 
comparison between the properties of wood pyrolysis oil and heavy fuel oil. The properties 
of pyrolysis oil, such as poor volatility, high viscosity, coking, and corrosiveness are still 
the problems for using with the existing petroleum equipment and particularly in storage, 
there are some problems about phase separation, polymerization and corrosion of 
containers [163]. 
Table 2.5 The comparison between the properties of pyrolysis oil from wood pyrolysis and 
heavy fuel oil [163]  
 
 
 
 
 
 
 
 
 
Numerous compounds in pyrolysis oil are highly oxygenated (35-40 wt% oxygen content) 
depending on the type of biomass and process severity. The presence of a high content of 
oxygenated compounds in pyrolysis oil results in decreasing heating value, increasing 
uptake of water in the fuel, increasing the corrosiveness from acidic compounds [164, 
165]. The moisture content of pyrolysis oil which is contributed from free water in original 
biomass and as a product of dehydration is much higher than that of fuel oil. This high 
water content causes the low heating value and affects viscosity and acidity as well as 
leading to phase separation and could affect subsequent upgrading processes. The low pH 
Physical property Heavy fuel oil Bio-oil 
   
 
Elemental composition (wt%)  
C 85 54 - 58 
H 11 5.5 - 7.0 
O 1 35 - 40 
N 0.3 0 - 0.2 
Ash 0.1 0 - 0.2 
HHV (MJ/kg) 40 16 - 19 
Viscosity (at 50°C) 180 40 - 100 
Moisture content (wt %) 0.1 15 - 30 
pH - 2.5 
Specific gravity 0.94 1.2 
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value of pyrolysis oil as a result of the presence of organic acid, mainly acetic and formic 
acids [166] is the reason of corrosion of vessels, pipe lines and sealing materials.  
The typical heating value of pyrolysis oil is about 16–19 MJ/kg, while some researchers 
reported higher heating values [167, 168]. To enable pyrolysis oil for industrial 
applications, the feedstock selection, pre-treatment, the improvement of pyrolysis unit, the 
upgrading of oil, the material selection and the ability to blend with other fuels should be 
taken into account [169, 170]. 
 
Solid products 
Bio-char is a pyrolytic product which is a carbon-rich solid with some hydrogen and 
oxygen, and also alkali and alkaline earth matter. The operating conditions at a low 
temperature and low heating rate, the increasing particle size of the sample and the higher 
lignin content are promote the higher bio char yield [171]. Char can be activated by partial 
gasification with steam or CO2 to increase their porosity or by chemical activation with 
zinc chloride or phosphoric acid [172]. When the pore structure and surface area of char 
are appropriate, they can be prepared for activated carbon applications. Activated carbon is 
widely used as an adsorbent in many applications such as toxic metal removal from water 
[173], taste- and odour-causing compound removal [174], removal or reduction of gaseous 
pollutants from the exhaust gas and removal of volatile organic compounds [175]. Besides 
absorbent applications, char can be used for catalyst support and base material for 
fertilizers [176]  
 
Gaseous products 
The main gases produced from pyrolysis are carbon monoxide, carbon dioxide and water. 
Other products are methane, ethylene, ethane, propylene, propane and methanol. The 
product yields and gas composition depend on temperature, residence time, and heating 
rate [177]. However, most of bio gas production is focused on the gasification process 
whose operating conditions support gas formation. The gaseous products with a low to 
medium heating value can be utilized into a combined heat and power (CHP) to produce 
electricity. Moreover, they can be upgraded to higher-value products such as methanol or 
gasoline but the conversion by gasification is more efficient.  
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Chapter 3 
Formal kinetic parameters of 
pyrolysis process 
 
3.1 Introduction to chemical kinetics 
The rate of change in a quantity is defined as the derivative of that quantity with respect to 
time. The change of x at a time t0 is x(t0+δt)-x(t0); here δt is a very small time interval. 
From calculus, the rate of change of x(t) at time t0 is  
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Chemical kinetics is the measurement and interpretation of the rates of chemical reaction. 
The study relates to following a reaction as a function of time with a suitable analytical 
technique by measuring the concentration of reactant or product during the progress of the 
reaction. The aims of chemical kinetics are not only to predict the rate of reaction from a 
function of state variables, but also to investigate reaction mechanism [178]. For benefits 
to industries, the kinetic data of the main reactions have been used for plant design since 
the reaction rates control the productivity, the cost of the product, and the profit of the 
plant [179]. 
During a chemical reaction, the concentration of reactants and products change in time. For 
example,  
A  +  3B     2C 
The rate of the reaction above can be expressed as the change of the number of moles of 
each substance dividing by the stoichiometric coefficient. 
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If the substance is a reactant, the expression shows with negative sign and with positive 
sign, if the substance is a product. In addition, the rate equation may take the form 
[ ] [ ]qp BAkRate =  ……………………..………….. 3.3 
where k is the reaction rate constant and the exponents, p and q are the partial orders of the 
reaction. This relationship is based simply on the results of observation and experiment. 
The powers in the concentration terms of equation above are called the partial orders of 
reaction. While the overall order of reaction or reaction order (n) is defined as the sum of p 
and q. 
n = p + q......................................................... 3.4 
Most of kinetic studies are made under isothermal conditions to avoid any changes in the 
reaction rate due to temperature changes. Since Arrhenius discovered empirically that the 
rate constant is depending on temperature, the Arrhenius equation has been applied for 
kinetic studies [180]. 
)/exp( RTEAk a−=  ………………………………. 3.5 
where A is the pre-exponential factor,  Ea is the activation energy, T is the absolute 
temperature (K), and R is the gas constant. 
 
3.2 Thermal degradation kinetics 
The kinetics of thermal degradation processes have been widely studied via thermal 
analysis. It is referred to a group of techniques in which some physical properties of the 
sample are continuously measured as a function of temperature, whilst the sample is 
subjected to a controlled temperature change. By the nature of thermal analysis, the 
reactions are almost invariably heterogeneous reactions involving at least one initially solid 
reactant. For heterogeneous reaction, the concept of concentration of reactants or products 
does not play the significant role that it does in homogeneous reactions. Thus, the progress 
of reaction may be measured as the fractional reaction or degree of conversion (α). It is 
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defined in terms of the change in mass of the solid sample or equivalent definitions in 
terms of amounts of gas evolved or heat absorbed. If the change in sample mass is taken 
into account,  
fmm
tmm
−
−
=
0
0 )(α …………..………………..……. 3.6 
where 0m  is the initial mass; fm is the mass of sample when reaction is completed; )(tm   is 
the mass at that stage. 
Moreover thermal degradation kinetics of biomass can be carried out experimentally under 
either non-isothermal (dynamic) or isothermal (static) conditions [181]. These different 
conditions are achieved by the controlled reaction temperature. In the non-isothermal 
analysis, biomass samples are heated with time according to an assigned heating rate. On 
the other hand, under static analysis, the experiments are carried on at constant 
temperatures. Practically the measurement is either under very slow heating rate to prevent 
from the gradients of temperature, or under a condition of very fast external heat transfer 
rates [182]. The measurement at high heating rate reduces the non-isothermal stage of 
heating-up phase but it is affected from heat transfer limitations when the sample 
temperature is not controlled accurately. In the case of a slow-heating experiment, the 
weight loss during heating period cannot be neglected.  
Isothermal measurements have several advantages in kinetic studies [28], which are: (i) 
changes in the mechanism are relatively easy to detect because decomposition rates are 
obtained for a single temperature and therefore a change in the order of reaction can be 
determined; (ii) the rate is possible to be calculated analytically; (iii) temperature of sample 
is exactly defined after attaining the isothermal temperature, the homogeneous sample 
temperature is reached [183]. However, some disadvantages of isothermal measurements 
need to be considered. Isothermal analysis requires a larger amount of sample for several 
experiments at varied reaction temperatures than that of non-isothermal measurement. This 
leads to the varied properties of sample [28]. In addition, during heating up period to reach 
a desired constant temperature, uncertainty arising from decomposition could occur. 
Due to the drawbacks of isothermal measurements, non-isothermal or so-called dynamic 
measurements have been applied to kinetic studies. Non-isothermal analysis requires small 
sample size and small amount because the sample can be regarded as a fixed bed; 
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therefore, the heat transfer in the bed and the heat transfer within the particle are important. 
In addition, one measurement under non-isothermal conditions can give the data in a 
desired temperature range and it can be calculated to kinetic results quickly. However the 
non-stationary heat conduction causes the temperature gradient in the sample. The 
difficulties to determine the real sample temperature in non-isothermal measurement 
influence the accuracy in formal kinetic parameters evaluation [28, 29].  Also, it is difficult 
to maintain the high heating rates that are achieved in pyrolysis reactor. 
In the last few decades non-isothermal methods have received more attention than 
isothermal methods. The main argument in favour of non-isothermal kinetic measurements 
compared with isothermal kinetic studies is their rapidity [32]. For fundamental studies, it 
was suggested that the non-isothermal kinetic data should be compared with the isothermal 
kinetic data for more accurate results [28]. The isothermal experiments are possible to 
separate unequivocally the temperature-dependent and concentration-dependent parts of a 
rate expression by experiments in which temperature and concentration are changing 
simultaneously. To enhance the ability of isothermal analysis, the improvement of 
measurement apparatus to overcome the drawbacks of isothermal method need to be 
considered. 
The kinetic equation for solid-state reactions can be described as 
)(/ αα kfdtd =  ………………………………… 3.7 
where k is the reaction rate constant and α is the degree of conversion. The f(α) is the 
dependent kinetic model function or conversion function [31]. 
In thermal decomposition, the overall decomposition rate of a decomposing polymer can 
often be described by 
nkdtd )1(/ αα −=  ……………………………….. 3.8 
where n is the order of reaction. Hence, substituting equation (3.5) into equation (3.8), it 
becomes 
n
a RTEAdtd )1)(/exp(/ αα −−=  ………………………. 3.9 
For non-isothermal conditions, when the temperature varies with time as a constant heating 
rate β = dT/dt, the equation (3.9) is modified as 
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There are several methods for solving the kinetic equation. They can be classified roughly 
into the differential method and the integral method. The differential method requires the 
derivative of the measured mass-temperature curve with high signal to noise ratio. 
Smoothing can bias the calculation of kinetic parameters for a poor signal to noise ratio 
data. Integral methods overcome this disadvantage using the measured thermogravimetric 
data without differentiation. Nevertheless, these methods are not applicable at very low or 
very high degrees of conversion [31].  
 
3.3 Techniques to study kinetics 
Thermo-analytical techniques such as Thermogravimetry (TG) is based on the change in 
weight; while Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry 
(DSC) are based on the change in energy of samples are the most common tools for kinetic 
studies of biomass pyrolysis. Although thermal analytical methods provide valuable 
information on pyrolytic kinetics, they cannot provide the nature and amount of volatile 
products formed during the thermal degradation of materials. For this reason, Evolved Gas 
Analysis (EGA) has been combined with the thermal analysis techniques to get more 
information on thermal degradation. Obtained evolutions of volatile products lead to the 
prediction on product formation and product yield. Apart from pyrolytic reactors in 
thermal analytic apparatus, several reactor designs have been developed for kinetic study at 
high heating rate and for eliminating the effects from operating condition and heat and 
mass transport phenomena. 
 
3.3.1 Thermal analysis 
Thermogravimetric analysers have been widely utilised in the study on thermal 
degradation of solid samples and a large literature is available. Measurement conditions of 
thermogravimetric analyser can be performed by non-isothermal and/or isothermal 
methods. In principle, TG curve from one heating rates is sufficient for these calculations 
but in practice, the experiment should include three or more different heating rates 
measurements for an accurate statistical manipulation and solving the compensation effect 
[184]. 
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For the experimental set-up, the sample size should be sufficiently small to avoid a thermal 
difference between the sample and the thermogravimetric system. The feature of 
thermobalance should have the optimum position of a thermocouple to provide the actual 
temperature of the sample. Thus, its position should be located closed to sample. Also the 
temperature calibration is necessary to ensure that the equipment gives the actual 
temperature of the sample. The feature of a horizontal thermogravimetric analyser is 
shown in figure 3.1. 
 
 
 
 
 
Fig. 3.1 The diagram of a horizontal Thermogravimetric analyser 
The most relevant linear forms to solve the rate equation from TG data are the method of 
Freeman and Carrol [185], Coats and Redfern [186], Friedman [187]. Conesa, et al. [188] 
mentioned the general concerns of these methods, which are: 
(i) The temperature is measured by the thermocouple; it is not the actual 
temperature. 
(ii) These methods are appropriated for a single process. 
(iii) The raw data from TG are very much manipulated 
(iv) Most of these methods can solve the rate equation from one heating rate data  
Furthermore, heat transport has been repeatedly cited as a limiting factor of the flash 
pyrolysis in TG. This could result in the apparent shift in biomass pyrolysis kinetics. Due 
to the low heat transfer, kinetic has been measured at relatively low operation temperature 
instead of the heating time of a particle. If the heat transfer effects cannot be neglected, the 
chemical kinetic model should be considered together with the heat transfer equations 
[184]. 
Differential Scanning Calorimetry (DSC) is another technique to apply to kinetic studies. 
DSC reflects the difference in the amount of heat added to a sample and reference is 
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plotted as a function of the temperature if the temperature is changed, or as a function of 
time for isothermal operation. The heat flow to or from the sample depend on whether the 
process is exothermic or endothermic. The integral or area of the DSC peak indicates the 
proportion of the transition heat for a particular reaction and the change in heat capacity 
involves the enthalpy change of the reaction [189-191]. The apparent activation energy can 
obtain from the DSC data at different heating rates [192]. 
 
3.3.2 Evolved gas analysis (EGA) 
Evolved gas analysis becomes the most useful technique with two approaches: 
simultaneous analysis and combined analysis [193-196]. In the simultaneous analysis 
approach, two methods are employed to examine the materials at the same time. One of 
these methods can identify the volatile compound produced during the analysis 
simultaneously. The combinations for the simultaneous analysis are; for example, 
Thermogravimetric analyser coupled with a Fourier transform infrared spectrometer (TG-
FTIR) [197, 198], Pyrolysis reactor coupled with a Mass Spectrometer (Py-MS) [199], and 
Thermogravimetric analyser coupled with a Mass Spectrometer (TG-MS) [200] on-line 
analysis. For combined analysis technique, more than one method is applied to analyse the 
sample and real time analysis is not possible. Trapped evolved gaseous species are then 
introduced into a detector for identification, such as a Thermogravimetric analyser coupled 
with Gas Chromatographer and Mass Spectrometer (TG-GC-MS) [201] or a Pyrolysis 
reactor coupled with Gas Chromatographer and Mass Spectrometer (Py-GC-MS) [202].  
Radmanesh, et al. [203] measured the evolution of certain condensable vapours and non-
condensable gases by gas chromatography technique. It was observed that the final total 
yield of gases increase but tar decrease by increasing the heating rate. A simple one step 
reaction had been used for the kinetic of each gas evolution during the pyrolysis: 
))(/exp(/ iiaiii VVRTEAdtdV −−=
∗  ………………………. 3.11 
where, iV is the yield of gas component at time t and 
∗
iV  is the ultimate attainable yield for 
each gas. Then they proposed a kinetic model which can predict the change of the gases 
yield at different heating rates. 
The utilisation of an evolved gas-FTIR apparatus for kinetic study in pyrolysis of biomass 
and coal have been published by Wójtowicz and co-workers [204-207]. They studied the 
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pyrolysis of both biomass and coal by TG-FTIR. Kinetic parameters were calculated based 
on parallel independent first-order reactions with a Gaussian distribution of activation 
energies. Each evolution peak was assumed to involve the respective precursor in the 
original biomass sample. Thus, each volatile species could evolve as one or more peaks 
independently. However, the model still needs further improvement by addressing the 
appropriate reaction mechanism, the mass influence, and the cross-linking competitive 
reactions. Moreover, Banyasz, J.L., et al. [149, 152] studied the mechanism and kinetic of 
cellulose pyrolysis by an evolved gas analysis-FTIR apparatus under non-isothermal 
condition with rapid heating rate from 400 to 800°C. The kinetic analysis was based on the 
peak areas and the peak temperatures of calculated evolution profiles of main produced 
volatiles (formaldehyde, hydroxyacetaldehyde, CO and CO2). 
Müller-Hagedorn, et al. [208] examined the pyrolysis of three different woods by TG-MS. 
Due to the difficulty to separate lignin from wood, they applied specific ion fragment range 
(105–212 u.) representing lignin-derived products under non-isothermal conditions. The 
degree of conversion (α) can be calculated as 
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where N is the number of ion fragments, )(TI i is the ion current of the ith ion fragment, and 
)(TM i  is the molecular mass of the ith ion fragment.  
Bockhorn and co-workers [28, 30, 183] researched the thermal decomposition of polymers 
under isothermal condition by similar technique applied in this work. The evolved gas 
analysis by means of on-line mass spectrometry provided the evolution data for calculating 
the formal kinetic parameters. The degree of conversion at a time (α(t)) can be expressed 
as 
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where )(tm  is the actual mass at that stage and totm is the total evolved mass. )(tM is the 
mean molecular mass at time t, )(tI is the intensity of ion fraction, V& is the flow rate and 
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RV  is the reactor volume. A good agreement between the formal kinetic parameters from 
isothermal measurement and the ones from non-isothermal measurement by TG was 
reported [28]. In addition, an advantage from isothermal method is that the change in 
mechanism can be determined. 
The Distributed Activation Energy Model (DAEM) has been used to model the evolution 
of individual pyrolysis product from different precursors in a set of simultaneous first-
order reactions. Rostami, et al. [209] employed a DAEM to represent the complex 
reactions of biomass pyrolysis and the evolution of different volatile species with the input 
data from TG-FTIR or TG-MS analysis. Also, Várhegyi, et al. [210] described the 
overlapping curves from DTG and mass spectrometric intensity curves by DAEM, as well 
as the evolution of volatile products were well detailed. 
 
3.3.3 Developed experimental reactors 
In addition to the thermogravimetric analysis, heated grid experiments, drop tube 
experiments, and shock tube experiments, which are composed of a heating device and a 
mass loss recorder, can be used to study biomass reactivity under pyrolysis conditions. 
Thermogravimetry is appropriate for thermal decomposition of biomass at low heating rate 
but under flash pyrolysis at high temperature, drop tube, tubular reactors, screen heater, 
radiant heating techniques, and fluidized bed reactors are more suitable than TG.  
Heated-grid reactor has been used for studying pyrolysis kinetics of solid fuel materials at 
high heating rate [211-214].The samples are placed on the wire mesh, which is electrically 
heated and is connected to a thermocouple for measuring its temperature. The mass loss 
can be recorded by gas analysis [215] or two measurements on a balance before and after 
the experiment [216]. Due to their operation at high heating rate, the weight loss during 
heating period can be minimized. Thus, the reactivity of sample is not changed before 
reaching a final temperature. The volatile products will be quenched at a cold gas phase to 
minimize secondary reactions. However this reactor needs to be used with some concerns. 
A fine powder is typically suitable as the particle size of sample should be small enough to 
avoid the temperature gradient and the amount of sample for each run is limited because of 
the restriction of the thermal load on the grid. Also sample particles should be applied over 
the grid with the same small thickness layer evenly.  
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Drop tube experiments heat the particles by convention and radiation at high temperature 
and high heating rate [217, 218]. Very small biomass particle about a few hundred 
micrometres are added together with inert gas stream or air to furnace at high temperatures. 
Hence these small particles are heated up rapidly and this causes a short heat-up time 
compared to the reaction times which it can be determined as the isothermal during the 
degradation process. Downstream of the drop tube reactor is quenched with N2 and is 
collected and measured the weight [184, 219, 220]. This experiment is a time consuming 
procedure and introduces some errors from taking quenched products to the determination 
for the kinetic data. The large particle size of sample may cause a discontinuous feeding of 
the solid samples; while the small particle size may create a problematic pneumatic 
transport. The thermal profile from this reactor is very narrow of isothermal conditions at 
only the centre of the reactor and lower temperature than the oven value due to the thermal 
dispersion from extremities effects. Also the gas flow rate may influences to the thermal 
profile. The residence time can be measured only with a rough precision and at room 
temperature [221]. 
Over the last five decades, the shock tubes have been applied to the study of aerodynamic 
and high temperature kinetic studies in both homogeneous and heterogeneous systems 
[222]. The benefit on the kinetic study of the shock tube is the rate coefficient obtaining 
under diffusion free conditions because this reactor provides a nearly one-dimensional 
flow with instantaneous heating of reactants [223]. A shock tube consists of a uniform 
cross-section tube divided into a driver and driven sections. The driver section is high 
pressure with a low molecular weight gas and the driven section is filled with test gas at 
low pressure. The particle is heated using the energy contained in pressurized gas. The 
mass loss is recorded using gas analysis [224]. 
A tubular reactor is a simple flow reactor operating at constant pressure. This reactor is a 
cylindrical pipe of constant cross-section where the feed enters at one end and the product 
stream leaves at the other end. The lack of providing of stirring prevents complete mixing 
of the fluid in the tube which is the opposite assumption from that of the ideal stirred tank 
reactor. Composition is the same at all point in a given cross-section but changes along the 
axial coordinate of the tube. The literatures on using tubular or closed-tubular reactor [225] 
for thermal degradation and kinetic studies have been published in bioenergy research 
[226-230]. 
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For the fluidized bed reactor, the biomass sample is injected in a pre-heated bed of inert 
particles. The progress of reactions can be measured from the withdrawn sample from the 
bed at different times. The feature of this reactor that biomass particles are mixing with bed 
material restricts the determination of decomposition rate at short residence times [184]. 
The produced gas flow can be analysed by evolved gas analysis connection, i.e. FTIR, FID 
(flame ionization detector), NDIR (non-dispersive infrared photometer) [231].  
In addition, there are other types of reactor which have been facilitated in the thermal 
degradation researches, such as laminar entrained flow reactor [232-234], plasma pyrolysis 
[235, 236], closed loop-type reactor [28]. 
 
3.4 Influences on biomass reaction kinetics 
The nature and rates of lignocellulosic decomposition reactions are affected by certain 
process variables, such as temperature, heating rate, particle size, and the presence of 
inorganic mineral content within the biomass material, and together with heat and mass 
transport limitations [20]. These factors on the thermal degradation kinetics are linked.  
 
3.4.1 Heat and mass transport 
When a solid particle of biomass is exposed to high temperature operation, external heat is 
transmitted to the particle surface by radiation and/or convection and then heat conduction 
takes place in the biomass particle from the surface to inside of the particle. At first in 
vaporization step, the flow of water vapour is controlled by diffusion and convective and 
diffusive transport. Then the chemical reactions of pyrolysis process occur. The heat 
changes from pyrolysis reactions and phase changes cause the temperature profile inside 
the particle. Volatile and gaseous products migrate from the solid across the heat-exposed 
surface and involve the heat transfer phenomena. Three combined mechanisms of heat 
transmission inside the pyrolyzing solid are the conduction through the solid particle, the 
radiation from the pore walls, and the transmission through the gas phase inside the 
particle pores. After volatiles leave the solid phase, char is formed by the change of 
physical structure of the reacting solid to develop a network of cracks, particle volume 
shrinkage, surface regression, and swelling [20, 23, 237]. Therefore, the model to describe 
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the thermal decomposition has been studies not only the reaction kinetics, but also 
including the effect from heat and mass transport phenomena [238-242]. 
 
3.4.2 Heating rate 
Although there are some evidences supporting that heating rate has a small impact on the 
frequency factor, the dependence of biomass pyrolytic kinetics on heating rate is available 
[20]. Biagini, et al. [243] divided the activation energy into two sets of data, at low heating 
rate and high heating rate. For all materials and using all methods, the activation energy at 
low heating rate was found higher than that at high heating rate with respect to overall 
values. Haykiri-Acma, et al. [244] reported the effect of heating rate of the rate of mass 
loss that when the heating rate increases, the maximum rates of mass losses increase and 
heating rate also affects to the shape of the peaks from thermal analysis. Obviously, the 
higher heating rate shifted the main peak of DTG profile to the higher temperatures. It 
could be explained by the heat transfer inside the biomass particles. At low heating rate, a 
number of peaks can appear individually in small peaks. When heating rate go higher, 
some of them overlap and form a unique large peak.  
 
3.4.3 Particle size 
Particle size of biomass is fundamentally linked to heat and mass transfer. The induction 
period at the initial stage of the weight change data from isothermal measurements shows 
the low velocity of decomposition which is attributed to the heating of the particle. The 
large particle size prolongs the induction period due to the longer time of heat transfer 
from outside to particles and within particles. Jalan and Srivastava [245] observed that 
pyrolysis process was controlled by the primary pyrolysis reactions and external heat 
transfer for small particle size (<1mm); while large particle size (>1mm), the process was 
controlled by heat transfer, primary pyrolysis and secondary pyrolysis. 
For small sample size, the large surface area improves heat and mass transfer. Thus, its fast 
heating rate causes more light gases and less char and condensate formation [246]. The 
uniform radial product distribution would result from the neglected temperature gradient 
between the surfaces and centres of the small biomass particle [247]. On the other hand, 
the large particle size prolong the resident time of volatile molecules from primary 
reactions inside the solid particles that enhances the secondary reaction [237].   
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3.4.4 Catalytic effect of inorganic material 
Biomass contains various amounts of mineral matter. The mineral constituents of biomass 
can include Si, Ca, K, Na and Mg, with smaller amount of S, P, Fe, Mn and Al. These 
inorganic elements are available as oxides, silicates, carbonates, sulphates, chlorides and 
phosphates [248]. Some of these inorganic elements act as a catalyst affecting the rate of 
degradation [249]. Results from studies on the effect of catalyst informed the enhanced 
formation of char and gaseous products and inhibited formation of the volatile products. 
Also, inorganic contents promote secondary reactions which break down higher molecular 
compounds to smaller ones.  
Several inorganic matter have been studied their catalytic effect on degradation. Potassium 
(K) was found to shift the pyrolysis to a lower temperature and lower activation energies 
[250]. In addition, sodium (Na) is another inorganic matter which was reported for its 
catalytic influence [251]. It is clear from Ayhan [252] that the different effects on pyrolysis 
between K2CO3 and Na2CO3 depended on the biomass species. Blasi, et al. [253] found 
that the pre-treatment to remove ash content shifted the initial degradation temperature 
slightly higher with a higher peak rate.  
 
3.5 Variations in kinetic data 
The widely scattered values of the activation energy and pre-exponential constant in the 
literature and the systematic temperature shift of data from thermogravimetric analyser 
called attention to the concern of the kinetics. The potential role of varied systematic errors 
in temperature measurement among the various thermobalances and the compensation 
effect are the reported explanations of these disagreements. 
3.5.1 Compensation effect 
The Arrhenius equation is widely used in heterogeneous kinetics because it has been well 
established in homogeneous kinetics and the constants in the equation can be calculated. A 
correlation between the observed values of the frequency factor and the activation energy, 
a change in one Arrhenius parameter is compensated by a correspondent change in the 
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other, is commonly called as the ‘kinetic compensation effect’ (KCE) [254]. This 
compensation is usually expressed as 
baEA +=ln …………………..……………… 3.14 
where a  and b are constants. The linear relation showing kinetic compensation effect is 
also derived from the Arrhenius equation: 
RTEkA ai /lnln +=  ……………………………… 3.15 
where ik  is called the isokinetic constant and iT  is called the isokinetic temperature or 
compensation temperature. 
It has been recognized that different sets of kinetic parameters can describe similar 
conversion degree curves once a kinetic model has been selected but it is not necessarily 
that all of them have the same grade of accuracy [255]. Flynn [256] reviewed that either 
the result of scatter of the experimental data, misapplication of kinetic equations, or errors 
in the experimental procedures can be the reasons for the presence of kinetic compensation 
effect when studying identical specimens under the same conditions. Agrawal [257] also 
concluded that the inaccurate temperature measurement and large temperature gradients 
within the sample cause the compensation behaviour in the pyrolysis of cellulosic 
materials. Later, Narayan and Antal [258] revealed that as thermal lag increases, the ratio 
of Ea/logA also increases.  
Recently, Wang, et al. [259] reported the existence of kinetic compensation effect in their 
both low-and high-temperature stage of pyrolysis of seaweed. Várhegyi, et al. [260] 
reduced the compensation effect on their study by eliminating the number of unknown 
parameters. Moreover, [261], [262] and [206] reported evidence of compensation effect on 
their studies. 
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3.5.2 Thermal lag 
In the design of furnaces or thermogravimetric analysers, the thermocouple is located 
closed to sample to reduce the thermal lag. Thermal lag (∆TTL) is the difference between 
the measured sample temperature (Te) and the true sample temperature (Ts). 
seTL TTT −=∆  ……………………………………. 3.16 
The pyrolysis reactions demand the reaction heat which increases sharply when the sample 
temperature rises. There is the competition between the reaction heat demand and the heat 
demand for the limited heat supply. The factors affect to the thermal lag problem are 
heating rate, the placement of the thermocouple, the size of the sample, the composition of 
the carrier gas, and the endothermicity of the reaction [258, 263]. As external heating rate 
increases or low heat-transfer coefficients, the measured temperature may slightly higher 
than actual temperature and the effect on thermal lag increases [264]. Grønli, et al. [265] 
reviewed the differences in kinetic parameters which were obtained from different heating 
rates could be attributed to thermal lag. They found that a small reduction of sample size 
led to the decreasing of the systematic error due to thermal lag but increased the values of 
Ea and log A, which agree with the hypothesis that ‘thermal lag is largely responsible for 
the decrease in values of Ea and log A at higher heating rates.’ 
 
3.6 Literature review on kinetics of lignocellulosic components  
3.6.1 Cellulose 
The pyrolytic kinetics of cellulose, which is a main composition in biomass, has been 
widely studied for the past several years [31, 146, 147, 264-275].  Thermogravimetric 
analysis is the most widely used technique for the study of cellulose pyrolysis. The 
understanding of total mass loss for global pyrolytic kinetics is generally intended to 
predict the overall rate of volatiles release from the solid and it can be applied to 
mechanism study. The reported activation energy values of several cellulose samples, 
which depend on the sample origin and processing, the calculation method, the 
experimental conditions, vary from 48 to 282 kJ/mol [270]. 
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Milosavljevic and Suuberg [276] concluded that the global kinetics of cellulose 
decomposition tends to cluster into two certain groups, depending on experimental setup 
and heating rates. The isothermal kinetic studies and high heating rate experiments showed 
the lower activation energy than the experiments with slow heating rates. Serious heat 
transfer limitations and associated temperature measurement problems were identified as 
the cause of this variation of kinetic parameters. Similarly, Grønli, et al. [265] studied 
kinetic pyrolysis of Avicel cellulose with thermogravimetric analysers at 5 and 40 °C/min. 
Kinetic analyses based on an irreversible, first-order reaction of the 40 °C/min data 
resulted in values of Ea range from 211 to 232 kJ/mol and values of log(A/s
-1) between 
16.1 and 17.9 which were somewhat lower than those obtained at 5 °C/min, the apparent 
activation energy was in the range from 234 to 263 kJ/mol and values of log (A/s-1) lie 
between 17.8 and 21.1. The decrease of Ea and log A values at higher heating rate was 
attributed to the higher impact on thermal lag. Some studies suggest that inter-particle 
diffusion or evaporation limitations, as the latent heat of vaporization for pyrolysis tars 
(levoglucosan) is around 140 kJ/mol, cause the slower rate [277, 278].  
Table 3.1 shows some published kinetic parameters of cellulose under thermal degradation 
experiments. More recently, Carpart, et al. [273] studied the pyrolysis of microcrystalline 
cellulose with TGA with two different modes of heating: non-isothermal and isothermal 
modes. From isothermal measurements, it showed the kinetics of nuclei-growth which was 
represented by the models of Avrami-Erofeev (A-E) and of Prout-Tompkins (P-T) type. 
From non-isothermal measurement, they simulated a model with two parallel reactions, 
one was related to the bulk decomposition of cellulose and another was related to the 
slower residual decomposition.  
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Table 3.1 Reported kinetic parameters of the pyrolysis of cellulose samples  
Ref. Sample Experiment Temperature Ea (kJ/mol) logA (1/min) n 
[270] Microcrystalline cellulose TG/DSC 50-800°C 198 14.8 1.0 
[279] Cellulose TG 350-400°C 282 24.9 2.0 
[279] Cellulose TG 280-350°C 82.7 7.45 1.0 
[264] Cellulose (Whatman CF-11) TG; 9 mg; 65°C/min 250–550°C 174 12.88 1.0 
[264] Cellulose (Whatman CF-11) TG; 0.3 mg; 65°C/min 250–550°C 209 16.28 1.0 
[264] Cellulose (Whatman CF-11) TG; 0.3 mg; 1°C/min 250–550°C 249 20.28 1.0 
[280] Cellolusic fabrics TG, major stage 306-364°C 113-196 9.56-16.77 1.0 
[273] Microcrystalline cellulose TG, bulk decomposition 25-700°C 202.65 17.07 1.0 
[31] Cellulose powder TG, dynamic  25-700°C 156.5-166.5 8.69-9.99 1.0 
[31] Cellulose powder TG, isothermal 
305, 316, 326 & 
343°C 
150.6 11.64 0.39-0.49 
[281] Paper dunnage Pyromat 25-700°C 168.0 13.73 1.0 
[281] Fibrous cellulose Pyromat 25-700°C 180.6 14.48 1.0 
[276] Cellulose (Whatman CF-11) TG, dynamic > 330°C 140-155 11.78 0-1.0 
[22] Avicel cellulose TG 25-900°C 201 16.8 1.0 
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3.6.2 Hemicellulose 
Apparent kinetic parameters of the pyrolysis of hemicellulose have been analysed from its 
representative compound as xylan or from the subtraction from the pyrolysis of wood 
samples. Approximately the activation energy for the decomposition of hemicelluloses is 
lower than that of cellulose but it is higher than the activation energy of lignin [282].  Most 
of kinetic studies on hemicellulose pyrolysis carried on the non-isothermal condition by 
thermogravimetric analyser. The two-step process from TGA curves has been observed 
[208, 283]. Várhegyi, et al. [283] described the double peaks observed from hemicelluloses 
decomposition by a successive reaction model which led to a good fit to the experimental 
data. Müller-Hagedorn, et al. [208] determined the formal kinetic parameters of the main 
components in three different wood species by TG-MS pyrolysis. Hemicellulose presented 
two steps of decomposition. The difference in kinetic parameter values from different 
wood influences from the compositions of wood.  The reported kinetic parameters of 
hemicelluloses as a main component in wood have been published from several 
researchers. Some published kinetic parameters of hemicellulose are presented in table 3.2. 
Cozzani, et al. [284] subtracted the hemicelluloses decomposition curve from the global 
curve of wood pyrolysis. A simple first-order kinetic model was applied to calculate its 
activation energy (72.8-103.2 kJ/mol).  
The majority of the available kinetic studies point to a poor fit of simple reaction models in 
the whole range of conversion and the change in mechanism cannot be detected. The 
discrepancy in the reported activation energies of hemicelluloses can be explained by the 
difference in sample composition, experimental setting, the mathematical method to 
analyse data, and the possible interference of the lignin decomposition [285]. The kinetic 
parameters obtained from simple model tend to be lower than those from the complex 
models. 
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Table 3.2 Reported kinetic parameters of the pyrolysis of hemicellulose samples 
Ref. Sample Experiment Temperature Ea (kJ/mol) logA (1/min) n 
[285] Hemicellulose (bagasse) TG Up to 900°C 194 17.5 1.0 
[286] Xylan TG/DSC-MS 200-400°C 
168 
104 
17.18 
9.08 
1.0 
1.0 
[208] Hemicellulose (Hornbeam) TG-MS 150-450°C 
163 14.6 1.7 
257 20.4 0.8 
[208] Hemicellulose (Walnut) TG-MS 150-450°C 
175 15.8 1.8 
262 20.9 0.8 
[208] Hemicellulose (Scots pine) TG-MS 150-450°C 
101 8.1 0.7 
262 20.9 0.8 
[282] Hemicellulose (Rice hulls) TG 230-350°C 154 13.9 1.0 
[283] Xylan  TG, 10 & 80°C/min 200-400°C 
193-194 18.7-18.8 1.0 
81-84 7.3-7.6 1.0 
[24] 
Hemicellulose (pinewood) 
Hemicellulose (Eucalyptus) 
Hemicellulose (pine bark) 
Simulated isothermal curves 
from dynamic TG  450-700°C 
89.0 
80.4 
49.3 
7.60 
6.82 
3.49 
1.0 
1.0 
1.0 
[155] Milled xylan Radiant heating pyrolyzer 200-340°C 
76.86 
55.02 
7.34 
4.36 
1.0 
1.0 
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3.6.3 Lignin 
There are widely different values for the activation energy of lignin pyrolysis: 35-65 [283], 
18-20 [287], or 34-36 kJ/mol [282]. In the review of Ferdous, et al. [288], the kinetic 
parameters of lignin have been calculated by static and dynamic measurements under 
assuming first-order reaction. The activation energy was mostly reported in the range that 
lowers than 50-80 kJ/mol. However there are some articles presenting the lower activation 
energy values at 30-65 kJ/mol [282, 283]. Recently, Murugan, et al. [289] reported the 
wide range of activation energy between 33-285 kJ/mol. The causes of this wide range of 
reported activation energy are operating conditions (temperature, heating rate, and the 
nature of carrier gas) and the nature of lignin (composition, functional groups, and 
separation method) [49, 288]. Table 3.3 shows some kinetic parameters from literature. In 
addition, Jiang, et al. [49] indicated that the reaction order strongly depended on the 
separation method but slightly on the plant source of lignin but the frequency factor was 
independent from both factors. 
Pasquali and Herrera [290] studied several lignins in isothermal pyrolysis in the 
temperature range between 226 and 435 °C and they applied the Avrami-Erofeev equation 
for solid state reactions. They found activation energies of lignins were in the range of 
12.49-42.60 kJ/mol. Ferdous, et al. [288] carried out the pyrolysis experiments in a fixed-
bed reactor and in a thermogravimetric analyser (TGA). The complex process of lignin 
pyrolysis was analysed by the distributed activation energy model (DAEM). The kinetic 
analysis of lignin pyrolysis in a fixed-bed reactor gave the activation energy for Kraft 
lignin in the range of 17-89 kJ/mol; while the activation energy calculated from DAEM 
was in the range of 80-158 kJ/mol. The small activation energy obtained from the fixed-
bed reactor indicated the presence of mass and heat transfers effect. 
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Table 3.3 Reported kinetic parameters of the pyrolysis of lignin samples 
Ref. Sample Experiment Temperature Ea (kJ/mol) logA (1/min) n 
[279] Lignin TG, dynamic 300-390°C 67 6.51 1.0 
 
Lignin TG, dynamic 390-500°C 70.7 7.10 2.0 
[282] Lignin ( rice hull) TG, dynamic 150- 900°C 34 1.7 1.0 
[288] Kraft lignin TG, dynamic, DEAM 234-503°C 80-158 7.5-9.3 1.0 
[291] Ligin (organosolv) TG, dynamic 30-900°C 18.86-42.47 n/a 0.30-0.74 
[290] Lignin (Klason) TG, isothermal 226-435°C 12.49-42.60 n/a 0.5 
[292] Alcell lignin TG, dynamic 25-700°C 83-195 n/a 1.0 
[293] Lignin (Milled wood) Microreactor(fixed bed) 500-1000°C 82.0 7.30 1.0 
[294] Lignin (birch) Microreactor (fixed bed) 300-600°C 75 6.16 1.0 
[295] Kraft lignin(pine) Microwave reactor (isothermal) 160-680°C 25.2 2.67 1.0 
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3.7 Literature review on kinetics of algae  
Compared to the literature on kinetics of lignocellulosic materials, there is a limited 
literature concerning the pyrolytic kinetics of algae (microalgae and macroalgae). The 
proper understanding of their thermal properties and reaction kinetics are crucial for the 
efficient design, operation, and modelling of the pyrolysis, and related thermochemical 
conversion systems for algae. Like the kinetic studies of lignocellulosic materials, most of 
kinetic studies in algae are based on the non-isothermal condition assessed by 
thermogravimetric analysers. The pyrolysis of algae is a multi-step process and the 
reported activation energy of algae pyrolysis vary and the reaction orders are higher than 
n=1 (see Table 3.4).  
Peng, et al. [296] studied the kinetic characteristics of heterotrophic Chlorella 
protothecoides by a thermogravimetric analyser. They observed that the devolatilization 
consists of two main temperature zones, lipid decomposition and other main components 
(i.e. protein) decomposition. The activation energy for the devolatilization stage was in the 
range of 113–127 kJ/mol; while that of the high temperature zone was in the range of 126-
158 kJ/mol. The microalgae were devolatilized at lower temperature range than those of 
lignocellulosic materials, which was economically feasible. Also, Peng, et al [297] 
compared the kinetics of Spirulina platensis and Chlorella protothecoides microalgae. As 
the heating rate increased, the reaction rate in the devolatilization stage increased but the 
activation energy decreased. The reported activation energy for Chlorella protothecoides 
was 42.2-52.5 kJ/mol, which was lower than that of Spirulina platensis (76.2–97.0 kJ/mol). 
Shuping, et al. [298] determined the pyrolysis of Dunaliella tertiolecta in a 
thermogravimetric analyser. The iso-conversional method and the master-plots method 
were used for kinetic analysis. The master-plots method gave an Fn model (nth-order) as 
the most probable reaction mechanism. While Li, et al. [299] described the pyrolytic 
mechanism by Avramic-Erofeev equation for the pyrolysis of three kinds of red algae; 
Pophyra yezoensis, Plocamium telfairiae Harv and Corallina pilulifera. In both of these 
articles, researchers suggested that the thermal behaviour was influenced by compositions 
of biomass. The relationship between the apparent activation energy and pre-exponential 
factor could be explained by the kinetic compensation effect. 
77 
 
 
Table 3.4 Reported kinetic parameters of the pyrolysis of algae 
Ref. Sample Experiment Temperature Ea (kJ/mol) LogA (1/min) n 
[296] 
Chlorella 
protothecoides 
(heterotrophic) 
TG; 15, 40, 60, 80°C/min 160-340°C 113-124 9.7-10.5 1.37-1.57 
340-520°C 127-150 10.2-12.2 1.01-1.61 
[297] 
Chlorella 
protothecoides 
TG; 15, 40, 60, 80°C/min;        
Freeman-Carroll method 
150-540°C 42.2-52.5 6.3-8.0 1.55-1.98 
[297] Spirulina platensis TG; 15, 40, 60, 80°C/min;        
Freeman-Carroll method 
190-560°C 76.2-97.0 3.5-4.0 1.25-1.88 
[300] 
Enteromorpha 
prolifera 
TG; 10, 20, 50°C/min;              
Freeman-Carroll method 
174-551°C 228.1 21.7-27.5 2.2-3.7 
[298] Dunaliella tertiolecta 
TG; 5, 10, 20, 40 °C/min; 
isoconversional & master-plots 
methods 
155-299°C 146.1 13.36 2.4 
[299] Porphyra yezoensis TG/DSC; 10,30,50°C/min;         
Popescu method 
170-400°C 163.7 11.7-15.8 3.0 
[299] 
Plocamium telfairiae 
Harv 
TG/DSC; 10,30,50°C/min;         
Popescu method 
180-380°C 261.2 17.3-28.5 3.0 
[299] Corallina pilulifera TG/DSC; 10,30,50°C/min;         
Popescu method 
170-390°C 245.7 17.5-29.2 3.0 
[259] 
Enteromorpha 
clathrata 
DTG -Thermal analyzer; 20, 30, 40, 
50 °C/min; Coats-Redfern method 
170-330°C 
290-580°C 
228.7-245.3 
85.90-96.48 
21.66-22.53 
6.57-7.48 
A 
2.0 
[301] Laminaria jajponica TG/DSC; 10, 30, 50°C/min; 
Popescu, FWO & KAS methods 
190-370°C 207.7 14.72-21.27 3.0 (B) 
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[301] Sargassum pallidum TG/DSC; 10, 30, 50°C/min; 
Popescu, FWO & KAS methods 
170-420°C 202.9 13.70-29.94 3.0 (B) 
[302] 
Floating 
Enteromorpha 
clathrata 
TGA; 5,10,15,20,25°C/min; Coats-
Redfern method 
227-273°C 
273-504°C 
165.32 
27.49 
15.18 
3.88 
B 
2.0 
[302] Ulva lactuca L. TGA; 5,10,15,20,25°C/min; Coats-
Redfern method 
211-260°C 
260-571°C 
192.26 
27.22 
17.38 
3.65 
B 
2.0 
[302] Zosterae Marinae L. TGA; 5,10,15,20,25°C/min; Coats-
Redfern method 
218-260°C 
260-620°C 
50.29 
35.46 
2.53 
4.49 
B 
2.0 
[302] Thallus Laminariae TGA; 5,10,15,20,25°C/min; Coats-
Redfern method 
220-290°C 
290-561°C 
215.96 
28.49 
19.90 
3.98 
B 
2.0 
[302] 
Asparagus 
schoberioides kunth 
TGA; 5,10,15,20,25°C/min; Coats-
Redfern method 
227-281°C 
281-560°C 
205.60 
32.81 
20.23 
4.20 
B 
2.0 
[302] 
Undaria pinnatifida 
(Harv.) 
TGA; 5,10,15,20,25°C/min; Coats-
Redfern method 
235-270°C 
270-527°C 
214.91 
30.18 
21.70 
4.07 
B 
2.0 
[303] 
Chlorococcum 
numicola 
Thermobalance; 5,10,20°C/min; 
distributed activation energy model 
200-525°C 189.15-190.02 17.83-18.19 6.63-7.88 
A : three dimensional diffusion; B : Avrami-Erofeev 
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The wide range of reported kinetic parameters can be related to several aspects. It is often 
expected to describe a solid state decomposition by a single set of kinetic parameters and 
the isothermal and non-isothermal values are expected to be equal. However, the nature of 
solid state processes is the multi-step reactions which contribute to the overall reaction rate 
that can be measured in thermal analysis. The complexity of thermal decomposition in 
solid samples is a cause of the variation in reported data. Moreover, there are several 
approaches to evaluate kinetic data. The model-fitting approach from a single heating rate 
is considered to give highly uncertain values due to its dependence on both the temperature 
and the reaction model. Apart from the difference in computational methods, the kinetic 
parameter depends strongly on the experimental conditions, such as the inert flow rate, 
temperatures, atmosphere, and sample size. The difficulty to measure a real sample 
temperatures and heating rates also cause the discrepancy in kinetic values. Thus, the 
kinetic study should be carried out at kinetically controlled conditions to minimize the 
uncertainty from experimental conditions and also the evaluation should be taken into 
account the multi-step mechanisms of the solid state decomposition. 
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Chapter 4 
Characteristics of Lignocellulosic 
components 
 
In this chapter, the experimental, as well as the result and discussion on the characteristics 
of lignocellulosic main components (cellulose, hemicelluloses and lignin) are presented in 
detail. Proximate and ultimate analysis together with the thermal behaviour analysed by 
thermogravimetric technique of these three materials are given and discussed based on 
their application in thermo-chemical conversion process. 
 
4.1 Materials 
The samples used in this study were three commercial products: Whatman filter paper, 
Xylan, and Alkali lignin which represent cellulose, hemicellulose and lignin, respectively 
(see figure 4.1). Whatman No.44 filter paper (Whatman International England) is 0.007 % 
of ash with content of at least 98% alpha cellulose and has a thickness of 176 µm. Filter 
paper was cut into rectangular (less than 1 × 1 mm2) to minimize the effect from particle 
size. It is difficult to obtain a commercial hemicelluloses sample, thus xylan has been 
widely used as a representative of hemicelluloses of hardwood in pyrolysis study [156, 
286, 304, 305]; although different physical and chemical properties have been found 
depending on the source material and production method. In this study, xylan (poly (β-D-
xylopyranose [1→4]) powder as the commercial product extracted from birch wood 
(Sigma Chemical Co.) with xylose residues at least 90% was used. An alkali lignin powder 
(Sigma Chemical Co.) was used as a source of lignin in this study which has a low 
sulphonate content and molecular weight of 10,000 u. All samples without further 
treatments were stored in desiccators until use.  
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Fig. 4.1 Filter paper, Xylan and Alkali lignin samples representing cellulose, hemicellulose 
and lignin, respectively, used in this work 
 
4.2 Proximate and Ultimate analysis 
4.2.1 Experimental 
Proximate analysis for filter paper, xylan and lignin was conducted using a 
thermogravimetric analyser (TGA/DSC1 STARe system, Mettler Toledo). Ten milligrams 
of sample were used for each measurement. All measurement comprised three different 
steps which were the drying and the devolatilization in helium atmosphere and the 
combustion in air atmosphere at gas flow rate 100 ml/min. Moisture content was 
considered as the mass loss when the sample was heated till 105°C and this temperature 
was maintained for 10 minutes. Then the devolatilization stage was measured at 600°C by 
heating rate at 20°C/min. The combustion process of the remaining solid samples was 
carried out under air atmosphere at 20°C/min to 900°C. The fixed carbon fraction was 
calculated by subtracting the percentages of volatile matter, moisture content and ash from 
100%. Each measurement was repeated three times to check the reproducibility. 
The elemental compositions of filter paper, xylan and lignin were analysed by Medac Ltd 
where the C, H, S and N analysis was carried out by the combustion analysis with ± 0.30% 
accuracy. The oxygen content was obtained by subtracting from 100% of the sum of (C, H, 
 
Filter paper Xylan Lignin 
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N and S) contents in percentage. The results of proximate and ultimate analyses of three 
lignocellulose derived materials are given in table 4.1. 
 
4.2.2 Results and discussion 
Table 4.1 Proximate and ultimate analysis of lignocellulosic components (as received) 
 
Cellulose Hemicellulose Lignin 
Proximate Analysis (wt%)       
Moisture  3.53 ± 0.25 9.42 ± 0.11 8.05 ± 0.18 
Volatile  92.35 ±1.49 74.15 ± 1.05 33.56 ± 0.37 
Fixed Carbon(a) 4.11 ± 1.24 6.63 ± 0.19 4.49 ± 0.90 
Ash 0.007 9.80 ± 0.74 53.91 ± 0.71 
Ultimate analysis (wt%) 
C 43.01 37.50 46.85 
H 6.55 6.24 5.10  
O(a) 50.25 56.03 44.28 
N < 0.10 < 0.10 0.16 
S < 0.10 < 0.10 3.61 
C/H 6.57 6.01 9.19 
C/O 0.86 0.67 1.06 
(a) by difference 
 
At 600°C, the volatile content produced from cellulose was higher than hemicellulose and 
lignin, while lignin showed the highest solid residue after combustion process. This lignin 
sample was identified as alkali lignin which was isolated with alkali and precipitated by 
mean of mineral acids. Thus, ash content in this kind of lignin is at high level. As these 
three materials are the main components in the biomass, the bio-char obtained from 
pyrolysis at 600°C would be high with the solid residue mainly from lignin but this 
temperature; however, cellulose and hemicelluloses produced considerable amount of 
volatiles. From elemental analysis, the lignin structure consists of a high level of carbon 
and low oxygen content compared to those of cellulose and hemicelluloses. According to 
their chemical structures, cellulose and hemicellulose have large amount of hydroxyl 
groups along the backbone, while lignin structure contains considerable methyl groups as 
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well as hydroxyl groups. All samples contain very low nitrogen content which leads to low 
nitrogen oxide gases produced. Lignin was the only material showing the sulphur content 
which was considered from the production process. 
 
4.3 Thermal behaviour by Thermogravimetry (TG) 
4.3.1 Experimental 
Thermogravimetric analyser (TGA/DSC1 STARe system, Mettler Toledo) was used to 
investigate the weight loss stages of biomass components (cellulose, hemicellulose and 
lignin). In the TG experiment, the samples were heated from ambient temperature to 600°C 
at heating rate of 10-40°C/min under helium atmosphere. During the experiment the cell of 
TG was flushed with 100 ml/min of helium to maintain the inert atmosphere for pyrolysis 
process and remove the gaseous and condensable products to prevent any secondary 
vapour phase interactions. Small amount of sample (~10 mg) were applied for each 
measurement to eliminate the heat and mass transfer influences. Sample and furnace 
temperature detectors of TG were calibrated by three standard metals (Indium, Zinc and 
Aluminium) before starting experiment to minimize the error from thermal lag. The 
measurements of each sample were checked for the reproducibility by repeating three 
times. The thermogravimetric data of cellulose, hemicelluloses and lignin obtained by 
recording the history of weight loss of the samples as well as their derivative curves at 
different heating rates are presented in Fig.4.2 (a)–(c). Moreover, Fig.4.3 shows the 
comparison of TG and DTG curves of these three lignocellulosic derived materials at 
heating rate of 20°C/min. 
 
4.3.2 Results and discussion 
From Fig.4.2, unlike that of lignin, the major weight loss of the cellulose and hemicellulose 
were completed below 400°C. The thermal degradation above 400°C could be considered 
as an aromatization process [286]. Thus, with limited aromaticity the secondary reactions 
of cellulose and hemicellulose at high temperature could be negligible, while the aromatic 
structure in lignin continued to degrade up to 600°C.  
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Fig. 4.2 The TG and DTG curves of (a) cellulose, (b) hemicellulose, and (c) lignin at 
heating rate 10, 20, and 40°C/min; the solid lines represent the TG curves and the dotted 
lines represent the DTG curves. 
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Fig. 4.2 The TG and DTG curves of (a) cellulose, (b) hemicellulose, and (c) lignin at 
heating rate 10, 20 and 40°C/min; the solid lines represent the TG curves and the dotted 
lines represent the DTG curves (continued). 
 
 
 
 
 
 
 
 
 
Fig. 4.3 The comparison of thermogravimetric, TG and the derivative of 
thermogravimetric, DTG curves of three lignocellulosic components at 20°C/min 
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The thermogravimetric curves show that the heating rate influences the residue (char) at 
the end of the experiment. This effect is mostly related to the difference in heat and mass 
transfer of the sample particles externally and internally. At lower heating rates, sample 
particles were heated slowly, leading to a better and more effective heat transfer to the 
inside of the particles. As a result of the more effective heat transfer, the sample 
decomposes promptly, enhancing the weight loss. Hence, at lower heating rates, more 
volatiles were produced than at higher heating rates. On the other hand, at higher heating 
rates, the temperature difference inside a sample particle is enhanced and then the residue 
at the end of the pyrolysis increased. 
The shift of thermograms toward high temperature as the heating rate increases can be 
observed clearly in every sample. Table 4.2 shows data from the thermograms, in 
particular, the initial reaction temperature (Tinitial), the temperature at the maximum mass 
loss rate (Tmax) and the end temperature (Tend) of devolatilization step as well as the 
reaction rate at different heating rates. The increase of reaction rates were at the same ratio 
with the increase of heating rates. The reason for this shift is also from heat transfer effect 
at high heating rate, the minimum heat required for depolymerisation is reached at higher 
temperature because of the less effective heat transfer than the low heating rate does. 
Fig. 4.3 shows the comparison among the measured thermogravimetric (TG) curves and 
the derivative of the thermogravimetric curves (DTG) of cellulose, hemicellulose and 
lignin at heating rate 20°C/min. At low temperature less than 200°C, there was the water 
evaporation region in all samples. The decomposition of cellulose occurred in a narrow 
range of temperature and focused at a temperature range of 320–400°C with the maximum 
mass loss rate at 365°C. Hemicellulose started decomposing at a lower temperature but the 
temperature range on decomposition was wider than did cellulose. The pyrolysis of 
hemicellulose started at 190°C and its mass loss rate increased greatly with increasing 
temperature and obtained its maximum value at 305°C. After 350°C the degradation rate of 
hemicellulose was slow for solid residue decomposition until finishing the degradation at 
550°C. Lignin started decomposing at low temperature as hemicelluloses did and reached 
the maximum rate at 325°C but its pyrolysis occurred in an extensive temperature range 
(190–580°C) with relatively low rates. 
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Table 4.2 Temperature characteristics and reaction rates for the pyrolysis of three 
lignocellulosic compounds by Thermogravimetry 
Samples 
Heating 
rate 
(°C/min) 
Instantaneous 
maximum reaction 
rate (1/min) 
Temperature (°C) of devolatilization 
T(initial) T(max) T(end) 
Cellulose 10 0.281 300 350 380 
 20 0.502 320 365 400 
 40 0.802 320 375 420 
Hemicellulose 10 0.100 180 295 360 
 20 0.208 190 305 370 
 40 0.430 210 315 380 
Lignin 10 0.024 180 320 560 
 20 0.044 190 325 580 
 40 0.085 200 340 590 
 
Due to the difference in structure and compositions of each component, during non-
isothermal pyrolysis these three materials would undergo different reaction pathways. 
Hemicellulose has the highest reactivity for thermal decomposition because its structure is 
random and amorphous with less strength. In contrast, cellulose is a crystalline, long chain 
polymer of glucose units without any branches supporting the hydrogen bonding. Thus, 
more energy is required for depolymerisation of cellulose polymer as the main mass loss 
stage of cellulose comes later than that of hemicellulose. Lignin has heavily cross-linked 
structure of three basic kinds of benzene-propane units. Hence, the structure of lignin 
results in high thermal stability and is difficult to decompose. Volatiles produced from 
lignin occurred from the breaking down of different functional groups with different 
thermal stabilities. This difference leaded to a broad range of decomposition in lignin 
[283]. 
As cellulose, hemicellulose and lignin are the three main components of a biomass, the 
biomass pyrolysis process can be divided into four temperature regions: lower than 200°C 
(moisture removal), 200-330°C (predominately hemicellulose decomposition), 330-400°C 
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(predominately cellulose decomposition) and higher than 400°C (predominately lignin 
decomposition). 
 
4.4 Summary and recommendation 
Whatman filter paper, Xylan and alkali lignin showed as the promising representatives for 
cellulose, hemicelluloses and lignin, respectively. Alkali lignin had a high ash content 
which influences its pyrolytic behaviour. These three main components in biomass showed 
different reactivity which could be summarized that the reactivity of hemicellulose > 
cellulose > lignin. This difference is influenced from their different chemical structures. 
The thermal decomposition characters of each sample can explain the multi-step 
decomposition in biomass. Characteristics of these basic materials influence the 
mechanisms and kinetics of biomass decomposition. To understand the very complex 
pyrolytic behaviour of biomass, those of cellulose, hemicellulose and lignin are 
fundamental and important. Further in this present study, these promising representatives 
of lignocellulosic main components will be used to analyse their formal kinetic parameter 
of pyrolysis process in Chapter 7. 
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Chapter 5 
Pyrolytic Characteristics of 
Chlorella vulgaris 
 
Unlike the woody biomass, the studies on pyrolysis of either microalgae or macroalgae are 
limited. It is well-established that the main components lignocellulosic biomass are 
cellulose, hemicelluloses and lignin, while those of algae can be classified simply as 
protein, carbohydrate and lipid which present at various proportion depending on species, 
cultivation condition and harvesting process. For effective utilization of algae in energy 
industry, more researches on the pyrolytic behaviour and kinetics are required. In this 
work, Chlorella vulgaris, freshwater green algae, are selected due to its fast growth rate, 
high environmental tolerance and easy to cultivate.  
This chapter will give the methods and results on characteristics of Chlorella vulgaris. 
Proximate, ultimate and mineral analyses, together with main components analysis are 
presented here. The thermal behaviour of Chlorella vulgaris will be analysed by 
Thermogravimetry coupling to Mass Spectrometry (TG/MS) to gain more information on 
gaseous product evolutions. Moreover the functional groups available in these algae will 
be investigated by Fourier Transform Infrared Spectrometry (FTIR). Pyrolytic volatiles of 
Chlorella vulgaris at different reaction temperatures studied by Pyrolysis-Gas 
Chromatographic/Mass Spectrometry (Py-GC/MS) will also be presented in this chapter. 
 
5.1 Materials 
Chlorella vulgaris was provided by IngrePro B.V., Netherland in the form of dry powder 
(Fig. 5.1). The strain is Chlorella vulgaris Beijerinck CCAP211/11B, cultured in F/2 (F2P) 
medium (NaNO3, NaH2PO4·H2O, Na2SiO3·9H2O and Trace metals) [306] at a pH of 8.0 in 
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a photo bioreactor in a greenhouse (20-35°C) under Dutch spring conditions. For 
harvesting, a stacked disk centrifuge (Alfa Laval Clara 80) was used, after which the paste 
(5-7% dry matter content) was stored in (milk) cooling tanks until drying. The latter was 
done using a dual drum dryer (GMF Gouda). Delivered microalgae powder was grounded 
in a mortar to get into the 90% at size less than 0.066 mm diameter and stored in a sealed 
container at low temperature until use. 
 
 
 
 
 
 
 
 
Fig. 5.1 Chlorella vulgaris powder  
 
5.2 Proximate and Ultimate analysis 
5.2.1 Experimental 
The proximate analysis of the microalgal samples were carried out in accordance with 
ASTM standards. The moisture content in test samples was determined according to 
ASTM E1756-01. Biomass samples were dried in a convection oven at 105°C until 
constant weight was recorded. Moisture content was calculated from the weight loss and 
represented water that may be physically present or chemically bound in the biomass. The 
volatile content was determined by the mass loss excepting water removal from TG 
measurements at heating rate 20°C/min up to 575°C under helium atmosphere. 
Determination of the ash content in the test samples were carried out according to ASTM 
E1755-01. The ash content was determined by burning 1.0 g of sample in a crucible in an 
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electric muffle furnace at 575°C until the weight was constant. The fixed carbon content of 
the test samples was calculated by difference.  
The heating value of the microalgal sample was determined by microprocessor controlled 
oxygen Bomb calorimeter (Parr 6100 Calorimeter) with sample weights ranging from 0.5 
to 1.0 g. The bulk density of microalgae powder was analysed according to ASTM 
D1895B. All analyses were done in triplicates. The organic and metal elemental 
compositions were analysed by Medac Ltd where the C, H, S, O and N analysis were 
carried out by combustion analysis with ± 0.30 % accuracy. Metals were analysed by using 
Varian Vista MPX ICP-OES system. The analysis results in this section are shown in 
Table 5.1. 
 
5.2.2 Results and discussion 
The proximate, ultimate and mineral analyses together with main component contents of 
Chlorella vulgaris are listed in Table 5.1. Microalgae have high water content after 
harvesting but they can achieve low moisture content by drying. The dried Chlorella 
vulgaris used in this study had low moisture content about 5.8 wt%.  However the ash 
content in the microalgae is higher than land crops [307] due to the accumulation of 
inorganic matter from growing medium. This inorganic content can act as catalysts on 
pyrolysis process as it is well established for terrestrial biomass that the presence of alkali 
metals affects the mechanism of pyrolysis, pyrolysis oil quality and increase char yields. 
The mineral analysis indicated a large quantity of Ca, Na and K. Some trace heavy metals 
such as Cr, Pb and Cd (< 10 ppm) were concentrated in microalgae due to its biosorption 
properties. It could be seen that the calcium ion was the most abundant ion in this sample. 
However the calorific value on dry basis of Chlorella vulgaris which was comparable to 
other plant species (17-21 MJ/kg) [308] together with their lower oxygen content than 
woody biomass [309] makes Chlorella a promising feedstock for bio-oil production via 
pyrolysis. 
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Table 5.1 Proximate, ultimate and mineral components analysis of Chlorella vulgaris 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3 Main components analysis 
5.3.1 Experimental 
Total lipids of samples were extracted by a modified version of the Bligh and Dyer method 
[310]. In this method, 0.25 g of dry microalgae was acidified with 0.15M acetic acid 1mL 
followed by the addition of chloroform/methanol (1:2 v/v) 7.5 mL. The test tube was filled 
with nitrogen gas and the solution was stirred at low temperature for 2 hours, followed by 
Analysis Chlorella vulgaris (as received) 
Proximate analysis 
Moisture (wt%) 5.80 ± 0.08 
Volatile (wt%) 61.57 ± 1.83 
Fixed carbon (wt%)(a) 15.68 ± 1.83 
Ash (wt%) 16.95 ± 0.13 
Heating value (MJ/kg)(b) 20.34 ± 0.05 
Bulk density (g/ml) 0.59 ± 0.01 
Ultimate analysis (wt%) 
C 44.56  
H 6.18  
O(a) 30.71  
N 6.76  
S 0.79  
Mineral analysis (wt%) 
Ca 4.62  
Na 1.24  
K 1.09  
P 0.67  
Mg 0.33  
Fe 0.25  
Al 0.03  
(a) by difference   (b) on dry basis 
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the addition of 2.25 mL distilled water and 2.25 mL of chloroform. The phase was well 
mixed by vortexing for 1 minute. Phase separation was achieved by leaving at -20°C 
overnight and the lower chloroform phase containing the lipids was removed and 
evaporated under N2. The extracted lipid was weighed and calculated based on algae power 
weight. The extraction was repeated 3 times to assess the variation in lipid content. 
Crude protein was determined by TCA-acetone extraction. Chlorella vulgaris (0.25 g) 
powder was put into a homogenisation tube and then added 10% trichloroacetic acid 
(TCA). Algal cells were broken by homogenization for 1 min and then the homogenate 
was centrifuged to precipitate the protein. The protein fraction was washed five times in 
ice-cold acetone and dried under nitrogen atmosphere at 80°C. Protein pellets were 
weighted to calculate the protein content. Carbohydrate content was calculated from the 
difference of 100% and the sum of crude protein, lipid, moisture and ash content. The 
content of these main components are summarized in table 5.2. 
 
5.3.2 Results and discussion 
Table 5.2 Main components analysis of Chlorella vulgaris 
 
 
 
 
 
Unlike the main components (cellulose, hemicellulose and lignin) in lignocellulosic 
biomass, microalgae contains relatively high amount of proteins, carbohydrates and lipids. 
Due to the high protein content (42.88 wt%), nitrogen content in Chlorella vulgaris was 
high. The lipid content in microalgae depended on growing conditions and species. Lipid 
content was reported in a broad range from 14 up to 22 wt% [311]. The high lipid levels in 
algae are usually favourable for bio-diesel production. Carbohydrates in algae largely 
represent cellulose from cell walls and starch granules as a photosynthetic product. 
Analysis (wt%) Chlorella vulgaris (as received) 
Protein 42.88 ± 4.15 
Carbohydrate(a) 22.06 ± 2.85 
Lipids 12.31 ± 1.30 
Moisture 5.80 ± 0.08 
Ash 16.95 ± 0.13 
(a) by difference 
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5.4 Thermal behaviour by Thermogravimetry-Mass 
Spectrometry (TG-MS) 
 
5.4.1 Experimental 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.2 Thermogravimetric analyser coupling with Quadrapole Mass Spectrometer  
(TG-MS) 
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An in-house built coupling (Fig.5.2) of Thermogravimetric analyser (TGA/DSC1 STARe 
System, Mettler Toledo) with Quadrapole Mass Spectrometer (ThermoStarTM Pfeiffer 
vacuum with QMS200) was used to investigate the pyrolytic characteristics of Chlorella 
vulgaris. TG-MS is comprised of the following components: (1) Thermogravimetric 
analyser (TGA/DSC1 STARe System, Mettler Toledo); (2) Transfer line with a deactivated 
quartz column (5 m×150 µm/220 µm); (3) Evolved gas analysis by Quadrapole Mass 
Spectrometry (ThermoStarTM Pfeiffer vacuum with QMS200). TG-MS allowed the 
simultaneous measurements of weight loss and mass spectra data as a function of 
temperature or time. Calibration experiments were performed with calcium oxalate 
monohydrate (CaC2O4·H2O) presented in Appendix A. In the TG experiment, the samples 
were heated from ambient temperature to 600°C at heating rate of 5-20°C/min under the 
inert atmosphere. The mass of Chlorella vulgaris was weighed about ~10 mg. The small 
sample size minimized the limitation of heat and mass transfer. During the experiment the 
cell of TG was flushed with 100 ml/min helium to maintain the inert atmosphere for 
pyrolysis of the sample and purged the gaseous products to mass spectrometer inlet. The 
molar fractions of evolved gaseous products from TG experiments passed to the mass 
detector through a heated deactivated column. The transfer line between TG and MS was 
heated at 300°C to avoid the condensation of volatile compounds and the tip of coupling 
column was placed closed to the sample crucible in TG in the direction of the gas flow.  
 
5.4.2 Results and discussion 
The weight loss curves (TG) and their derivative curves (DTG) of Chlorella vulgaris in 
helium atmosphere at different heating rates (5, 10, 20°C/min) are shown in Fig. 5.3. They 
revealed that three stages existed in the pyrolysis process. The first stage at temperature 
lower than 110°C, there was a small change in weight attributing to evaporation of water 
which was absorbed on the surface of the samples. The second and third stages together 
could be considered as the devolatilization of pyrolysis process. The devolatilization region 
started at about 200°C and was completed at 550°C with temperature peaks around 290-
310°C for the lower temperature peak and around 430-450°C for the higher temperature 
peak. The reaction rate, the temperature at maximum rate and the total weight loss under 
pyrolysis conditions at different heating rates is reported in table.5.3. 
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Fig. 5.3 The thermogravimetric (solid lines) and derivative of thermogravimetric (dotted 
lines) curves of the pyrolysis of Chlorella vulgaris samples at heating rate 5-20°C/min. 
 
The influence of heating rate on the volatile content could be explained by the difference in 
heat and mass transfer of the sample particles. When sample particles are heated slowly, 
the heat transfer to the inner of particles is more effective. As the sample particle 
decomposes promptly, leading to increased volatile production. On the other hand, the 
temperature gradient inside a sample particle is larger at high heating rates and this cause 
higher char residue production. The shift toward high temperature of higher heating rate 
was also the result from the effect of the heat transfer at different heating rates.  
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Table 5.3 Temperature characteristics and reaction rates in the devolatilization stage 
Heating rate 
(°C/min) 
  Instantaneous maximum 
reaction rate (%/min) 
  Devolatilization 
  
Tmax(°C) Volatile 
content 
(wt%)  
T(lower) T(higher) 
 
T(lower) T(higher) 
5 0.024 0.007 290 430 62.34 
10 0.044 0.014 300 440 62.14 
20  0.085 0.027  310 450 60.23 
 
From DTG curves, the devolatilization was presented by the overlapping of two main 
peaks. The different decomposition regions could be considered as the degradation of 
different main algal components. The weight changes at 200-380°C reflected the 
decomposition of mainly proteins and carbohydrates [296, 298]. The remaining 
carbohydrates and lipids were decomposed above 400°C.  Due to the lipid content in this 
algal sample was relatively low compared to protein and carbohydrate contents, the height 
of lipid decomposition peak at higher temperature peak is lower than the first peak around 
300°C [312]. At temperatures higher than 500°C, the slow further decomposition of the 
solid residue occurs. 
The evolved gases emitted from decomposition in TG were monitored by coupled Mass 
Spectrometry. The molecular masses reported as m/z were 2, 18, 28, 44, 34, 64 and light 
hydrocarbons which have molecular mass less than 100 u. The identification of each m/z can 
be observed in table 5.4. The evolution curves of ion-fragments of various released gases are 
shown as ion current versus temperature curves in Fig. 5.4. Evolution curves of H2S and SO2 
were much lower than the major gaseous products. The evolved gas profile of nitrogen 
containing gases would not be presented because these gases evolution were interrupted 
from the evolution of other major gases profiles.  
 
The main products of this sample are H2O, CO, CO2, CH4, NH3 and H2. Helium was used as 
a purge gas, instead of nitrogen gas, because nitrogen gas has the same molecular mass as the 
molecular mass of carbon monoxide gas.  
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Table 5.4 Relation between mass per charge ratio (m/z), fragment and probable molecule 
 
 
 
 
 
 
 
 
 
The molecular ions of water (H2O
+; m/z =18) were found at two different temperatures, 
indicating the presence of two types of water in samples, one was the water which was 
physical absorbed on sample was evolved around 80°C. At the first stage of the process, 
there was confirmed with MS evolution data that it was the water removal only. Another 
kind of water which was the products of chemical reactions, starting from 200°C to high 
temperature with a maximum peak temperature at about 300°C corresponded with the main 
mass loss region observed from TG curves. The bulk of water in the bio-oil was generated at 
this stage due to the presence of oxygenated compounds.  
 
The ion current curve for the evolved gas of CO2
+ (m/z = 44) gained at about 325°C 
attributed to the devolatilization reaction. A significant amount of CO+ (m/z =28) evolved 
throughout the whole temperature range of devolatilization. However the detected CO+ could 
be considered as overestimated value because not all the signals for mass number of 28 are 
from CO+. Some of them were also from C2H4
+.  Also there was no change of H2 (m/z = 2) at 
low temperature. At temperatures higher than 500°C which was considered as a charring 
process, the evolved ion current of H2 could be observed. While low molecular weight 
hydrocarbons were produced mainly at the temperature of main devolatilization with two 
stages around 200°C to 550°C.  It appeared that water and hydrocarbons were mainly 
evolved during the devolatilization step. Small amount of H2S gas could be detected at 200-
400°C, while SO2 was released after 250°C. Moreover, the features of evolved gases 
detected by Mass Spectrometer were correlated to TG curves from Thermogravimetric 
analyzer. This shows the ability of coupled TG-MS for analysis of real-time detection of 
evolved gases applied to lab-scale pyrolysis study. 
m/z fragment probable molecule 
2 H2
+ H2 
18 H2O
+ H2O 
28 CO+ CO 
44 CO2
+ CO2 
34 H2S
+ H2S 
64 SO2
+ SO2 
       Light hydrocarbons (less than m/z =100) 
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Fig. 5.4 Evolution of gaseous products during the pyrolysis of Chlorella vulgaris by  
TG-MS at heating rate 20°C/min 
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5.5 Functional group analysis by Fourier Transform Infrared 
Spectroscopy (FTIR) 
 
 
5.5.1 Experimental 
The functional groups of Chlorella vulgaris samples were investigated by using Fourier 
Transform Infrared Spectroscopy (FTIR) (Perkin Elmer Spectrum 100) with a resolution of 
4 cm-1 in the range of 400-4000 cm-1 by averaging 16 scans with KBr background 
subtraction. One milligram of each powder sample was mixed with 200 mg of oven-dried 
KBr powder as reference material and subjected to a pressure of 10 tons on a thin disc.  
 
5.5.2 Results and discussion 
The FTIR spectrum of dried Chlorella vulgaris in wavenumber range of 400–4000 cm-1 at 
room temperature is shown in Fig.5.5. Table 5.5 shows spectral peaks which could be 
assigned to distinct functional groups belonged to different classes of bio-molecules. Band 
assignments were based on IR spectrum database [313] and previous studies on algae. The 
study of Giordano, M., et al. [314] shows the significant peaks around 3000-2800, 1800-
1500, and 1200-1000 cm-1 for palmitic acid, BSA (Bovine serum albumin) and starch, 
respectively. 
The broad band at high wave number (3300 cm-1) showed the presence of hydroxy (-OH) 
functional group in sample which was from the structures of three main components 
(protein, carbohydrate and lipid) and also absorbed water in algae. Between 3000 and 2800 
cm-1, it was the characteristic region of C-H asymmetric stretching of aliphatic groups       
(-CH3 and –CH2-) which was primarily from lipid molecules. The existence of protein 
could be identified from the bands at 1656, 1545 and 1239 cm-1 as the amide I, II and III 
band, respectively. A lipid band (C=O) around 1800-1700 cm-1 was not clearly presented 
in the sample since the content of lipids was low and the obscuration from protein 
character band. In the range of 1390-1460 cm-1, there were the asymmetric and symmetric 
deformations of –CH3 and –CH2- in protein molecules. These bands were assigned in 
literature at various wavenumbers. The C-O-C and C-O stretching of polysaccharides 
molecules showed at 1154 and 1030 cm-1, respectively. Most spectrum between 1200 and 
900 cm-1, which was mainly represents the polysaccharides molecules functional groups, 
were obscured by the intense band of silicate from culture medium [83]. There was a 
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difficulty to identify the raw spectrum between 1800-800 cm-1 due to the overlapping of 
bands from various bio-molecules, mainly proteins and carbohydrates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5 The FTIR spectrum in wavenumber range of 400–4000 cm-1 of dried Chlorella 
vulgaris at room temperature 
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Table 5.5 The present functional groups in Chlorella vulgaris sample 
Wavenumber 
(cm-1) 
Functional group Bio-molecules/source Ref. 
3300 -OH stretching Carbohydrates, proteins, lipids, water [315] 
2923 -CH3 stretching Aliphatic groups of lipids primarily [314, 315] 
2852 -CH2- stretching Aliphatic groups of lipids primarily [314, 315] 
1656 C=O stretching Proteins (Amide I band) [315] 
1545 H-N stretching Protein (Amide II band) [83] 
1449 -CH3 and -CH2- bending 
(asym) 
Proteins [314] 
1412 -CH3 and -CH2- bending 
(sym) 
Proteins [314] 
1239 P=O and H-N bending Phospholipids of nucleic acids and 
proteins (Amide III band) 
[313, 315] 
1154 C-O-C stretching Carbohydrates as polysaccharides [315] 
1030 C-O stretching Aliphatic groups in carbohydrates [313] 
 Si-O stretching Silicate from culture medium [314] 
871 -CH2 bending Carbohydrate as polysaccharides [83, 313] 
 
 
5.6 Pyrolytic products by Pyrolysis-Gas Chromatographic/Mass 
Spectrometry (Py-GC/MS) 
 
5.6.1 Experimental 
To investigate gaseous products from Chlorella vulgaris in lab-scale pyrolysis, 
experiments were performed on a Double-short pyrolyser (Model Py-2020iD) interfaced to 
a Gas Chromatograph (Hewlett 5890 Packard Series II) and Mass Selective detector 
(Hewlett Packard 5972 series). Grounded algal powder (0.3 mg) was inserted into the 
micro-reactor and pyrolysed at 300, 400, 500 and 600°C. The released volatiles passed 
through an injection port at 300°C of 150 kPa and were separated on a DB-1701 column 
(60 m × 0.250 mm diameter × 0.25 µm thickness). The temperature program for the GC 
operation was initiated at 40°C and increased at the rate of 3°C/min until 290°C with a 
hold time of 25 min. Helium was used as the carrier gas at a flow rate of 0.8 ml/min, 
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followed by a split injection at the ratio of 25:1. The mass spectra of compounds were 
measured in the range from 20 to 600 u. The identification of the peaks was based on 
standard mass spectral databases (NIST) and standard chemicals spectrum collected by 
EBRI researchers. 
 
5.6.2 Results and discussion 
The chromatogram from Py-GC/MS analysis of Chlorella vulgaris at 600°C are shown in 
Fig.5.6. The main compounds are listed in table 5.6. These identifications were based on 
the combination of standard mass spectral databases and retention data of standard 
chemicals. The main compounds found in this Py-GC/MS chromatogram were 3, 7, 11, 15-
tetramethyl-2-hexadecen-1-ol, toluene, indole and 9-octadecenamide. Most chemicals 
could be detected at long retention time after 30 min. Analytical pyrolysis indicated the 
production of a range of aromatic, nitrogen-containing and long chain compounds. The 
aromatic compounds included toluene, phenol, indole, benzeneacetonitrile and 
benzenepropanenitrile. Nitrogen-containing compounds were pyrrole, indole, 
benzeneacetonitrile, benzenepropanenitrile and 9-octadecenamide. While 1-tridecene, 
heptadecane, 3, 7, 11, 15-tetramethyl-2-hexadecen-1-ol and 9-octadecenamide have a long 
chain hydrocarbon in their molecular structures. Nitrogen-containing compounds were 
produced from protein and chlorophyll components in microalgae. The presence of 
aromatic compounds could be considered from amino acids. Also, it can be linked to the 
existence of lignin-like components in Chlorella vulgaris. There are few studies reporting 
the presence of lignin or lignin-like compounds in aquatic algae, especially in red algae 
[316-318]. However the true lignin in green microalgae has not been confirmed and also 
the comparison of the results of Py-GC/MS technique applied to microalgae to those 
obtained in other studies is limited by the relatively few published reports. 
 
 
 
 
 
104 
 
 
 
 
 
 
 
 
 
 
Fig. 5.6 Py-GC/MS chromatogram from pyrolysis of Chlorella vulgaris at 600°C. 
Table 5.6 Organic compounds produced from Chlorella vulgaris by Py-GC/MS at 600°C 
No. RT (min) MW Compounds 
1 10.26 92.14 Toluene 
2 14.63 67.09 1H-Pyrrole 
3 16.72 104.15 1,3,5,7-cyclooctatetraene 
4 30.32 94.11 Phenol 
5 34.56 108.14 Phenol, 3-methyl- 
6 35.98 117.15 Benzeneacetonitrile 
7 41.58 131.17 Benzenepropanenitrile 
8 43.41 182.35 1-Tridecene 
9 45.61 117.15 1H-Indole 
10 48.84 131.17 1H-Indole, 3-methyl 
11 51.44 240.47 Heptadecane 
12 57.49 296.53 3,7,11,15-tetramethyl-2-hexadecen-1-ol 
13 59.13 296.53 3,7,11,15-tetramethyl-2-hexadecen-1-ol 
14 69.47 296.53 3,7,11,15-tetramethyl-2-hexadecen-1-ol 
15 75.86 281.48  9-Octadecenamide 
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Fig. 5.7 Chromatograms from Py-GC/MS of Chlorella vulgaris at different temperatures 
(a) 300  °C 
(b) 400  °C 
(c) 500  °C 
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The comparison of Py-GC/MS chromatograms at different temperatures in Fig.5.7 shows 
that there were no peaks at retention time lower than 20 min at temperature 300 and 400°C.  
3, 7, 11, 15-tetramethyl-2-hexadecen-1-ol and 9-octadecenamide were detected at whole 
range of the pyrolytic temperature. The presence of toluene, pyrrole and 1, 3, 5, 7-
cyclooctatetraene was observed at temperatures of 500 and 600°C only. The above results 
suggested that these products were favoured at high temperature pathways. Unlike 
heptadecane peak, the intensity of phenol, phenol, 3-methyl- and indole increased as the 
increase of temperature. While some compounds at long retention time were reduced in the 
peak intensity at higher temperatures. 
 
5.7 Summary and recommendation 
Microalgae have the potential to be a resource for energy production due to their high 
productivity and no food competition. Chlorella vulgaris has promising characteristics 
which can be compared to woody biomass. These microalgae had heating value in the 
similar range of those from plant biomass and it had low oxygen content which result in a 
higher stability of bio-oil. Although high ash content was found in microalgae sample, pre-
treatment by washing with water could be considered as a method to remove inorganic and 
metal compounds from algae. The thermal behaviour of Chlorella vulgaris depended on 
the compositions of biomass. Protein content was the most abundance in these algae. Its 
chemical structures were inferred by FTIR technique. Thermal decomposition started from 
low temperature at 200°C and finished around 500°C, depending on heating rate. The 
gaseous production could be monitored by Thermogravimetric-Mass Spectrometry (TG-
MS) to gain more information of thermal decomposition of the sample.  Most of major 
gaseous products were evolved in the devolatization temperature range but hydrogen gas 
started to be produced after the main mass loss region according to charring process. The 
volatile products from analytical pyrolysis in Py-GC/MS showed complexity of produced 
compounds which can be classified into aromatic compounds, long chain hydrocarbons 
and nitrogen-containing compounds. 
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Chapter 6 
A preliminary investigation on the 
pilot scale pyrolysis of Chlorella 
vulgaris 
 
Aquatic plants have become more interesting as an alternative source of biomass for 
thermo-chemical conversion to generate energy. Unlike woody biomass which has been 
employed successfully in commercial scale, there are limited studies for non-analytical 
scale pyrolysis of microalgae. Most existing pyrolysis reactors have been developed to 
optimize the production from wood materials. Hence, the applicability and performance of 
these reactors with microalgae feedstock will be the important information to achieve the 
development toward the demand on microalgae applications. In this work, Chlorella 
vulgaris will be carried out only a preliminary experiment with a pilot-scale intermediate 
pyrolyser (Pyroformer) at EBRI, Aston University to monitor its performance and produce 
bio-oil and bio-char for their properties investigation. This chapter will explain the reactor 
feature, how to set up the experiment and analyse the pyrolytic products and the potential 
of Chlorella vulgaris for the bioenergy applications. 
 
6.1 Pilot scale intermediate pyrolysis system 
The pilot scale pyrolysis experiment was carried out with a ‘Pyroformer’, a patent twin 
screws reactor [134], located at European Bioenergy Research Institute (EBRI) at Aston 
University, United Kingdom (Fig.6.1). This unit can be used to perform intermediate 
pyrolysis process with various biomass materials from terrestrial biomass such as energy 
crops and wood residues to algae and sewage sludge. This pyrolyser allows various forms 
of feed to apply into such as pellet, ship, or lump of sewage sludge. 
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Fig. 6.1 Intermediate pyrolysis unit (Pyroformer) set-up at EBRI, Aston University 
Fig.6.2 shows the diagram of pilot scale intermediate pyrolysis unit which consists of 
seven sections (feeding system, pyrolysis reactor, hot gas filter, vapour-condenser, 
electrostatic precipitator, char pot and controller). The feeding system is located at the top 
of reactor and allows feed transfer into reactor with controlled rates. Feed goes to reactor at 
a side of reactor and moves along the reactor by means of two screws with opposite 
movements. The residence time of solid phase (∼ 5 min) can be controlled by the rate of 
these screws, while the vapour residence time is in few seconds. Nitrogen gas (∼ 50 l/h) is 
flushed inside the reactor during the experiment to remove oxygen gas from the system and 
carries volatiles to hot gas filter to remove solid particles from volatile gases. The solid 
residue or bio-char will be collected at the char pot at the bottom below the reactor. The 
cleaned pyrolytic gases progress a long tube of condenser which is cooled by water flow. 
The condensed liquid products are collected in bottles beneath the condenser and the 
incondensable gases go to the electrostatic precipitator. Some pyrolysis oil will be 
recovered in electrostatic precipitator and the permanent gases will go through a venting 
duct.  
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Fig. 6.2 Diagram of Pyroformer set up at EBRI, Aston University 
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6.2 Experimental  
6.2.1 Pyrolysis experimental set-up 
Chlorella vulgaris was pelletized to 0.5-1.2 cm length by a Pellet Press/Pelletiser-Flat Die 
at temperature 70-80°C and then was tested with intermediate Pyroformer reactor. The 
nitrogen gas (0.2 MPa pressure) was used as the sweeping gas to remove oxygen from the 
reactor and purge the gas phase out of reactor. Reactor was externally heated from ambient 
temperature by 100°C steps with holding time 45 min until reaching 500°C and this 
temperature was kept throughout the experiment. The 10 kg of sample was fed into reactor 
at constant temperature of 500°C with 3.3 kg/hr of feeding rate. After the gas phase was 
filtered through a hot-gas filter, most of condensable compounds were collected at the 
condensers. The bio-char was collected in the char pot at the bottom of the reactor. Char 
pot and liquid bottles were left to cool down before taking products for measuring product 
yields and further analysis. 
 
6.2.2 Liquid product analysis 
Condensed liquids separated into two phases which were the organic phase in the top 
called bio-oil or pyrolytic oil and the aqueous phase at the bottom (Fig.6.3). The organic 
phase was separated easily from the aqueous phase by using gravity separation in a 
separatory funnel and this separated oily phase would be further analysed. 
 
 
 
 
 
 
 
 
Fig. 6.3 Liquid products from intermediate pyrolysis of Chlorella vulgaris at 500°C 
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The organic phase, a dark brown liquid, was determined its calorific value by Parr 6100 
Bomb Calorimeter. The water content was determined by Karl-Fisher Titration (V2-
Volumetric KF Titration, Mettler Toledo). The elemental analysis results were obtained 
from MEDAC Ltd. Moreover, the key chemical compounds presenting in bio-oil sample 
were identified by Gas Chromatographic Mass Spectrometry (GC/MS). GC/MS analyses 
were performed by a Hewlett-Packard (Series II 5890) gas chromatograph and a Hewlett-
Packard mass spectrometer 5972 series with a mass selective detector and a 60 m length × 
0.25 mm film thickness DB 1701 column. The pyrolytic liquid was dissolved in 
dichloromethane (DCM) in the ratio 1:100 and filtered by microfilter. The sample was 
injected into a GC at 310°C with helium gas as a carrier gas at 30 mL/min. The oven 
temperature was increased from 40°C to 290°C by a ramp at 3°C/min and held for 20 min. 
The mass spectrometer scan range was from 50 to 550 mass units and chemical compounds 
corresponding to each peak in bio-oil chromatogram were identified by using the mass 
spectral library (NIST) and chromatogram database of standard chemicals. 
 
6.2.3 Solid product analysis 
 
 
 
 
 
 
 
 
Fig. 6.4 Bio-char from intermediate pyrolysis of Chlorella vulgaris at 500°C 
 
Solid residue or bio-char (Fig.6.4) collected from char pot was ground and analysed by 
mean of ultimate and mineral analyses, proximate analysis by thermogravimetry (TG) 
technique and Fourier transform Infrared Spectrometry (FTIR). The ultimate and mineral 
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analysis results were obtained from MEDAC Ltd. The proximate analysis of bio-char was 
studied by TG (TGA-DSC1, Mettler Tolledo) in helium atmosphere at 100 mL/min flow 
rate. Samples of 10 mg were pyrolyzed from ambient temperature to 900°C with heating 
rate of 20°C/min. FTIR measurements of the bio-char samples was performed using a 
Perkin Elmer Spectrum 100 FTIR Spectrometer to identify the chemical structure. Solid 
samples were analysed using KBr as transparent pellets and measured with 16 scans in the 
range 4000-400 cm-1 with background subtraction. 
 
6.3 Results and discussion  
6.3.1 Product yields and the performance of pyrolysis set-up 
Products from pyrolysis can be classified into three phases: solid, liquid, and gaseous 
phase. Their produced yields are shown in table 6.1. 
Table 6.1 Product yields from the intermediate pyrolysis at 500°C of Chlorella vulgaris 
 
 
 
          * by difference 
 
The product yields of bio-char and pyrolytic liquid were in similar amounts.  The yield of 
liquid products (25.66 %) of Chlorella vulgaris was in the range of those (~17-55 %) from 
literature [17, 18, 312, 319]. However the product yields depend on many factors such as 
kind of microalgae, reaction temperature, residence time, features of reactor. From the 
observation of this preliminary run, some of the microalgae powder adhered to the wall of 
the feeding line probably because of electrostatic forces and the adhesive oil produced at 
the feeding line. Therefore, they could not react completely and could block the feeding 
line. Moreover, the bio-char regarding from the algal feed in powder form was quite 
difficult to be removed from the reactor into char pot. As well as some tars recovered in the 
electrostatic precipitator could not be removed completely from the precipitator wall. Due 
to these reasons the liquid product yield from the preliminary run was low. As gaseous 
Products 
Liquid 
Solid Gas* 
Organic phase Aqueous phase 
Yield (wt%) 14.11 11.55 26.44 47.90 
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product was obtained from the difference, the high gaseous product yield could be 
considered from the error of liquid product yield determination.  
 
 
6.3.2 Bio-oil characteristics 
The main components of microalgae and the complexity of pyrolysis process lead to 
difference in the properties of algal bio-oil compared to bio-oil from wood and fossil oil. 
To investigate the potential of bio-oil produced from Chlorella vulgaris, their properties 
are presented and discussed below. 
Table 6.2 Comparison of bio-oil from Chlorella vulgaris, wood[17] and fossil oil[17]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The properties of Chlorella vulgaris bio-oil, woody bio-oil and fossil fuels [17] are 
presented in table 6.2 for comparison. The calorific value (HHV) of the organic phase was 
high at 37.42 MJ/kg, corresponding to their low water content at 3.25%. From elemental 
analysis, the organic phase of the microalgae had a carbon content value similar to woody 
bio-oil but it had higher hydrogen content. The lower oxygen content of organic phase bio-
oil (25.04 wt%) caused the considerably high HHV and more stable than woody bio-oil. 
Usually, pyrolytic oil from biomass contains higher oxygen content than that of fossil oil 
and this lead to the instability of bio-oils. Their characteristics change during condensation 
and under storage. Their high nitrogen content could result from the high protein and 
chlorophyll content in microalgae, led to the concern about the formation of NOx during 
combustion. Hence for using of bio-oil as fuels or chemical sources, upgrading is required; 
Properties 
Bio-oil/Oil (wt%) 
Wood C.vulgaris* Fossil 
C 56.4 57.25 83.0-87.0 
H 6.2 10.02 10.0-14.0 
O 37.3 25.04 0.05-1.5 
N 0.1 8.32 0.01-0.7 
HHV (MJ/kg) 21 37.42 42 
Density (kg/L) 1.2 0.95 0.75-1.0 
Water content 15-30[163] 3.25 0.1[163] 
* organic phase 
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for example, to improve their storage stability and to reduce nitrogen content before 
applying to combustion process. Overall the characteristics of bio-oil derived from 
Chlorella vulgaris were comparable to that from woody biomass. They had higher heating 
value, lower density, and lower water content and were more stable than woody bio-oils. 
To gain chemical information on bio-oil, the GC-MS peaks were assigned by reference 
compounds and the standards NIST Mass Spectra database. In Fig.6.5 the GC-MS spectra 
of organic phase dissolved in dichloromethane are shown. The results of GC/MS analysis 
revealed that algal bio-oil is a complex mixture of numerous compounds. The major 
compounds presenting in bio-oil are listed in table 6.3 which give about 14 different main 
products. The most abundant peak in this sample was toluene. Toluene, indole, 
hexadecanenitrile, phenol and 3, 7, 11, 15-tetramethyl-2-hexadecen-1-ol presented the high 
abundance in this bio-oil sample. Main classified groups of these compounds were 
aromatic, aliphatic and nitrogen-containing compounds. The GC-MS results identified 
some nitrogen-containing compounds such as pyrrol, pentanenitrile, 4-methyl-, indole, 
benzenepropanenitrile, and hexadecanenitrile. These compounds led to the high nitrogen 
content in bio-oil of Chlorella vulgaris pyrolysis and they could be considered deriving 
from protein and chlorophyll macromolecules. Microalgal bio-oil generally reported fewer 
oxygenated compounds than bio-oils obtained from lignocellulosic biomass [202, 320, 
321]. 
Tetradecane and pentadecane found in this bio-oil sample are the straight-chain alkanes 
which are similarly found in diesel and aviation fuels. Like diesel, bio-oil also comprises of 
aromatic hydrocarbons such as toluene, ethylbenzene, styrene, phenol. Toluene is used as 
an octane booster in gasoline fuel used in internal combustion engines and also used as a 
solvent. Ethylbenzene is an important chemical in the petrochemical industry of the 
production of styrene which is a precursor for polystyrene and several copolymers. Indole 
is a popular compound in fragrances manufacturer and also a precursor for many 
pharmaceuticals. Overall, the building blocks for liquid transport fuel and chemical 
production are presented in this bio-oil sample. Many chemicals in this pyrolytic oil could 
be upgraded or isolated to high-value products. Compounds detected in bio-oil were 
correlated to the volatile products which could be detected from Py-GC/MS technique 
presented in table 5.6 of Chapter 5. 
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Fig. 6.5 GC-MS chromatogram of the organic phase of Chlorella vulgaris pyrolysis liquid 
products at 500°C with dichloromethane as the solvent 
 
Table 6.3 Major chemical compositions of bio-oil from the pyrolysis of Chlorella vulgaris 
at 500°C with dichloromethane as the solvent 
No. RT (min) Compound MW 
1 11.11 Toluene 92 
2 15.34 Pyrrole 67 
3 15.47 Ethylbenzene 106 
4 17.76 Styrene 104 
5 18.48 Pentanenitrile, 4-methyl- 97 
6 31.17 Phenol 94 
7 35.44 Phenol, 4-mehtyl- 108 
8 40.48 Tetradecane 198 
9 42.59 Benzenepropanenitrile 131 
10 44.94 Pentadecane 212 
11 46.66 Indole 117 
12 53.13 Octadecane 254 
13 59.1 3, 7, 11, 15-tetramethyl-2-hexadecen-1-ol 296 
14 65.97 Hexadecanenitrile 237 
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6.3.3 Bio-char characteristics 
Solid residue or bio-char from intermediate pyrolysis of Chlorella vulgaris at 500°C was 
dry and brittle with high porosity. The proximate, ultimate and mineral analysis results of 
this bio-char sample are shown in table 6.4. 
Table 6.4 The Proximate, Ultimate and Mineral analysis of bio-char from pyrolylsis  
at 500°C compared to algal biomass 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Moisture content in algal char was very low at 0.61% and the volatile matter decreased 
from 62% for the raw microalgae to 11% for the bio-char, while the fixed carbon and ash 
content were significantly increased. The elemental analysis showed that in bio-char there 
were some oxygen and nitrogen remaining in char structure. The high oxygen remaining in 
Analysis Chlorella vulgaris Algal bio-char 
Proximate analysis (wt%)     
Moisture  5.80  0.61 
Volatile  61.57  11.26 
Fixed carbon* 15.95  46.51 
Ash  16.68  41.62 
Ultimate analysis (wt%)     
C 44.56  42.83  
H 6.18  2.54  
O 30.71  15.75  
N 6.76  5.2  
S 0.79   0.55  
Mineral analysis (wt%)     
Ca 4.62  9.56  
Na 1.24  2.69  
K 1.09  2.70  
P 0.67  1.83  
Mg 0.33  0.61  
Fe 0.25 0.78  
Al 0.03 0.35  
* by difference 
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bio-char can be considered as the bound oxygen in metal oxides. The main mineral matter 
in bio-char from Chlorella vulgaris were calcium, sodium, potassium and phosphorus. 
Most of the mineral matter was concentrated in the char although some of metal may be 
volatilised during pyrolysis process. The high ash content remaining in bio-char can be 
considered for the application of bio-char as a fertilizer or catalyst. Bio-char can be put into 
ground to improve the productivity of soil and enhance crop yields [322]. Also bio-char can 
be extracted by suitable solvent to recover useful nutrients.  
 
 
 
 
 
 
 
 
 
 
Fig. 6.6 FTIR chromatograms of Chlorella vulgaris and bio-char samples from intermediate 
pyrolysis at 500°C 
To examine the chemical structure of bio-char, the chromatogram of Chlorella vulgaris 
char measured by FTIR technique is presented in Fig.6.6. The chromatogram showed the 
presence of some functional groups in bio-char. The band around 2900 cm-1 representing 
the aliphatic –CH3 and –CH2- stretching had dramatically reduced after pyrolysis at 500°C, 
while CH2 bending at 1420 cm
-1 was still significant high. This can be interpreted that most 
of acyl chains/lipids were decomposed at temperature 500°C but the protein polymers were 
higher reactivity than lipids and there were proteins remaining after pyrolysis at 500°C. 
According to the observation above, the decease of the band at 3300-3500 cm-1 can be 
considered as the decrease of –OH group and the remain intensity of this band in bio-char 
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can be identified as the remaining of mainly –NH groups of protein and also related to the 
presence of 1597 cm-1 band which is representing another N-H stretching in protein. The 
band at 1056 and 871 cm-1 were reduced after pyrolysis which show that the 
decomposition of carbohydrate polymers. Moreover it can imply that the inside of sample 
pellets is not completely pyrolyzed because there is the presence of active functional 
groups in bio-char sample. 
 
6.4 Summary and recommendation 
Information on both laboratory and pilot scale pyrolysis of algal biomass is not as much as 
the extensive reports on the pyrolysis of a wide variety of lignocellulosic biomass in 
literature. The reported bio-oil yields from algae are in a wide range from 17–55 wt% 
which depends on the nature of conversion process and reactor, as well as the algae 
species. However, most of published results claimed the more promising properties of bio-
oil from algae over woody bio-oil.  
The Pyroformer, pilot scale intermediate pyrolytic reactor produced promising product 
yields and qualities. Bio-char is dry, brittle and contain high mineral content which is 
suitable to application as a fertilizer. Bio-oil produced from this pyrolysis unit contains 
several chemicals which can be upgraded as fuels and high-value chemicals. However, 
there are some aspects which are needed to be taken into account for further experiments 
with this reactor. First, the microalgae feed needs to be pelletized before feeding to reactor 
to reduce the blocking and uncompleted reaction of microalgae in powder form. Second, 
the condenser should be kept at lower temperature to improve the condensation of volatile 
products. Third, to gain more yield of pyrolytic liquid, tars captured at the electrostatic 
precipitator wall should be collected and take into the determination of yields.  
The preliminary properties of bio-oil suggested that Chlorella vulgaris has potential to be 
utilized in the thermo-chemical conversion process although the competition with other 
sources due to its high ash content and high nitrogen content in bio-oil are concerned. The 
higher stability for storage, higher heating value, lower density and lower water content 
offer the better application for fuels than those of lignocellulosic bio-oil. Furthermore, bio-
oil contains several useful chemicals, thus with suitable separation processes, these 
chemical can be recovered for utilization in other industries. However, to enhance yield 
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and product properties from microalgae, the reactor needs to be optimal designed based on 
the information of characteristics and kinetics which are important for the challenge to 
scale up into commercial production. Moreover the upgrading process and correlating 
applications should be taken into account, such as fertilizer aspect of bio-char or 
combination the pyrolyzer with a gasifier to recover energy from produced gaseous 
products. 
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Chapter 7 
Isothermal Kinetic Analysis 
 
To determine the formal kinetic parameters of pyrolysis process, two conditions of 
measurement can be carried out; isothermal and non-isothermal (dynamic) experiment. 
Each of them has both advantages and disadvantages. Firstly, this chapter is focused on the 
isothermal conditions, while the non-isothermal study is discussed in next chapter (chapter 
8). The new developed Pyrolysis Mass Spectrometry (Py-MS) technique is chosen as an 
effective apparatus for isothermal measurements. The Py-MS operating conditions and also 
its potentials for isothermal study are presented here. Polyethylene, as a standard polymer, 
is studied under isothermal conditions to evaluate the instrument and methodology. In 
addition, isothermal kinetic analysis is applied to lignocellulosic materials for evaluating 
the instrument and evaluation procedure with typical biomass before employing to 
microalgae sample. The formal kinetic parameters are reported in form of apparent 
activation energy, pre-exponential factor and apparent reaction order. 
 
7.1 Experimental set-up 
A schematic of the rapid evolved gas analysis by the Mass spectrometry apparatus used in 
this study is shown in Fig.7.1. This effective micro reactor enables the determination of 
global kinetic parameters of thermal degradation reactions of solid and liquid samples by 
means of mass spectrometric data under isothermal conditions. The apparatus is comprised 
of the following components: (1) A Double-Shot Pyrolyzer, a vertical micro-furnace, is 
able to heat sample from ambient to furnace temperatures in less than a second. This rapid 
heating avoids uncontrolled decomposition and side reactions within the sample matrix. 
Helium gas is purged through reactor vertically at 20 ml/min. The sample holder allow to 
insert sample immediately into the constant temperature reaction zone (2) A stainless steel 
column as a transfer line with 2.5 m length and 0.15 mm inner diameter is kept at 300°C to 
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avoid the condensation throughout experiments. (3) A quadruple Mass Spectrometer 
(Hewlett Packard 5972 series) measures the fraction of produced volatile compounds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7.1 Diagram of the Double-Shot Pyrolyzer coupled with Mass Spectrometer for 
isothermal measurements 
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Measurements were performed with small sample size of 0.05-0.2 mg to minimize the 
effect from heat transfer phenomena. The reactor was purged to remove oxygen from the 
atmosphere for three minutes before sample crucible was dropped down into the furnace. 
The studied temperature ranges (Table 7.1) for each sample were selected according to 
their weight loss temperature range in dynamic thermal decomposition. Pyrolytic gases 
were injected continuously into transfer line at 300°C and were kept at this temperature 
along the way to the MS. The split ratio of the outlet products and carrier gas before going 
into mass spectrometer was set between 1:20 and 1:25. The fraction of produced gases was 
measured from 10 to 300 u. The measurement was considered to be finish when the 
evolution curve reaches its baseline, as no more decomposition taking place. Every 
experiment was repeated three times for reproductive results. 
Table 7.1 Temperature ranges for isothermal measurements of each studied materials 
Materials Polyethylene Cellulose Hemicellulose Lignin C. vulgaris 
Temperature(°C) 450-550  350-400 280-340 320-500  250-600 
 
 
7.2 Evaluation of formal kinetic parameters from isothermal 
measurements 
The single step kinetics for solid state decomposition with assuming of nth-order model     
( nf )1()( αα −= ) is shown in equation (3.8). The degree of conversion for isothermal 
degradation obtained by integration of this equation 
for n = 1 is 
tTket )(1)( −−=α ……………………………….. 7.1 
The degree of conversion is given by n ≠ 1 
)1/(1)1)1()((1)( nntTkt −+−−=α  ………………………. 7.2 
where k is the rate coefficient and n is the apparent order of the overall decomposition 
reaction.  
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In the case of on-line gas analysis data by means of mass spectrometry for kinetic study, 
the ion currents in relationship with time I(t) are detected to follow the progression of 
thermal decomposition of solid or liquid samples. The degree of conversion is equivalent 
to the mass having already left the reactor dtVtMtI
t
∫0 )()( &  plus the actual mass of products 
in the gas phase RVtMtI )()(  normalized by the total evolved mass of products. 
∫∫
∞




 +=
00exp
)()(/)()()()()( dtVtMtIVtMtIdtVtMtIt
t
R
&&α  …………… 7.3 
where )(tM  is the mean molecular mass at time t (calculated from the single ion currents), 
V& is the flow rate and RV  is the reactor volume.  
To evaluate the rate coefficient (k) and apparent order of reaction (n), the degree of 
conversion given by equation (7.2) is fitted by means of least square fitting in equation 
(7.4) to the experimental degree of conversion (equation (7.3)) from () by variation 
of k and n.  
min)(
1
1
2
exp ≡−= ∑ =
N
i calN
S αα ………………..…….. 7.4 
To determine the apparent kinetic parameters, the linear regression of )(ln Tk−  versus 1/T 
from the linear form of Arrhenius equation 
RTEATk a /ln)(ln −=  ………..………………….. 7.5 
can provide the apparent activation energy (Ea) and the pre-exponential factor (A) from 
linear slope and interception at Y-axis. 
 
7.3 Isothermal kinetic analysis of polyethylene 
Due to its less complicated structure and more published information on its thermal 
decomposition than biomass materials, polyethylene was used as a standard material to 
evaluate the instrument and experimental set-up, as well as the analysis process of 
isothermal kinetic study. Polyethylene which was used in this work is a small granule high-
density polyethylene (Lupolen PE/HD 5261); mp.: 134°C. 
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Fig. 7.2 The mass loss (TG) and its derivative (DTG) curves of polyethylene by 
thermogravimetry at heating rate 20°C/min 
 
To identify studied isothermal temperature range, non-isothermal experiment of 
polyethylene by Thermogravimetry (TGA/DSC1 Mettler Tolledo) at heating rate 20°C/min 
with helium (100 ml/min) atmosphere showed that its thermal decomposition occurred in 
the temperature range of 450–520°C. The weight loss and derivative curves are shown in 
Fig.7.2. Thus, the different temperatures of isothermal experiments were chosen in the 
decomposition temperature range or higher. Eleven different temperatures from 450°C to 
550°C with interval of 10°C were applied for the isothermal kinetic analysis. It is 
important to notice the difference between the product evolutions for temperature below 
and above 450°C. For temperature lower than 450°C, the evolution curves have the high 
noise to signal ratio and the low maximum sample conversion which will influence to the 
accurate kinetic analysis. The evolution profiles for different pyrolytic temperatures are 
presented at Appendix B. 
Evolved gases from isothermal pyrolysis process were detected as the fraction of produced 
gases on the relationship with time. Degree of conversion (α) curves obtained from 
equation (7.3) show three different sections on their thermal decomposition behaviour.  
Fig. 7.3 is an example of the degree of conversion curve measured at temperature 500°C. 
At the first section (1), it is an initial induction period with a low velocity of decomposition 
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which can be attributed to the heating of the sample particles to reach a set temperature. In 
addition, this degree of conversion curve came from the measured signal by evolved gas 
analysis, thus the induction time can also include the transfer time between pyrolyzer and 
MS detector. The induction time reflecting heat transfer effect depends on reaction 
temperature and particle size; as the set temperature increases or particle size decrease, 
induction time is shortened.  Next section (2) is the period with a rapid weight loss of the 
sample or the rapid production. Several reactions take place in parallel or series producing 
complex products until reaching section (3). There is a relatively long period of time with a 
reduced weight loss rate before the particles go to its final weight. 
 
 
 
 
 
 
 
 
Fig. 7.3 The degree of conversion of polyethylene decomposition at temperature 500°C 
Fig.7.4 shows the extent of reaction which fraction of the initial polyethylene mass 
converted to gas phase products at different isothermal temperatures. A very quick mass 
loss (90%) of polyethylene was observed within a time least than 1 minute at high 
temperatures and 10 minutes for 450°C. After this rapid decomposition, polyethylene 
continued mass loss slowly to the end of experiment. The long induction time of thermal 
decomposition of polyethylene can be considered as a melting process. Polyethylene has a 
melting point at 134°C which is lower than every isothermal temperature in this study. At 
the initial time of experiment, polyethylene particle not only is heated up to reach the set 
temperature, but also the absorbed heat is used for melting. 
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In addition, it shows evidence that the experimental set-up has high sensitivity. It could 
provide the promising degree of conversion curves of isothermal temperatures which are 
different in the small interval (10°C). In addition, the measurement time for each 
temperature is in the short period level. For polyethylene, each run could be finished in 25 
minutes at 450°C and could be finished in a short time about 2 minutes at 550°C. Although 
the measurement time depends on reaction temperature and the type of studied material, 
this experimental set-up clearly reduces the time consumption which is a drawback found 
in isothermal kinetic study. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.4 Degree of conversion for the decomposition of polyethylene as a function of time 
at isothermal temperature range from 450 to 550°C 
The degree of conversion curves from isothermal experiments were analysed for the rate 
coefficient (k) and apparent reaction order (n) by least square fitting (equation (7.4)). 
Apparent activation energy of thermal degradation of polyethylene (216 ± 9 kJ/mol) and a 
log of pre-exponential factor (14.89 ± 1.34 min-1) were obtained from the linear regression 
of – ln k and 1/T in Arrhenius plot within 95% confidential interval (Fig.7.5). The 
coefficient of linear regression (R2) is 0.9958. One of advantage of isothermal analysis 
over non-isothermal analysis is that the reaction order can be measured in dependence on 
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temperature, while non-isothermal analysis gives an average value of reaction order in the 
whole temperature range. Thus, the change of mechanism can be detected in isothermal 
measurement. For polyethylene thermal decomposition in the studied temperature range, 
the apparent reaction order (Fig.7.6) is constant at 0.7 at temperature range 450-470°C and 
then increases up to 1.6. This increase was also observed in literature which it was 
involved the alkane formation at longer reaction times and higher temperature [28]. 
Despite the varying reaction order, the activation energy is constant throughout the 
temperature range. This can be considered that the rate determining step is remaining the 
same reaction. 
The comparison between the experimental degree of conversion curves and the model 
degree of conversion curves are shown in Fig.7.7. The model thermal decomposition can 
represent the measured thermal decomposition of polyethylene in a wide range of 
temperature with the small deviation range of activation energy at 9 kJ/mol and of log pre-
exponential factor at 1.34 min-1. The deviation between model and experimental data is 
caused by the melting process at the initial time of thermal decomposition of polyethylene. 
However at high degree of conversion the influence of melting disappears, the fitting 
becomes more promising. 
 
 
 
 
 
 
 
 
 
 
Fig. 7.5 Arrhenius plot for the isothermal decomposition of polyethylene 
from 450 to 550°C 
 
-3
-2
-1
0
1
2
0.00120 0.00125 0.00130 0.00135 0.00140
-
ln
 k
1/Temperature (K)
128 
 
 
 
 
 
 
 
 
 
Fig. 7.6 Apparent order of reaction in dependence on temperature of polyethylene 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.7 The comparison of degree of conversion from experiments and from calculation 
(dots for experimental curves and solid line for calculated curves) 
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Moreover, the formal kinetic parameters of polyethylene have been compared to those 
obtained by other researchers considering under different operating conditions (Table 7.2). 
Although the results have been obtained considering different reaction orders and even 
diverse experimental conditions, a very acceptable agreement is observed. There is a 
kinetic compensation effect between log A and Ea among the reported data (Fig.7.8) which 
has been considered to be the result of mathematical, physicochemical and experimental 
causes [258]. The relationship of the compensation effect (based on data in table 7.2) can 
be derived in a form:  
log A = 0.0743 Ea – 1.6175 
 
Table 7.2 Reported kinetic parameters of thermal degradation of high density polyethylene 
Ref. Analysis Ea (kJ/mol) log A (min
-1
) n 
     
[30] isothermal (440-480°C),      
Closed loop-type reactor 
268 17.78 0.8-1.4 
[323] isothermal (445-460°C),      
custom-made thermobalance 
192 12.59 0.5 
[324] isothermal (390-470°C), TG-DTA 249* 17.24* 0.86-1.0 
[325] isothermal (400-450°C), TGA 220 15.06 1.0 
[324] dynamic (5-50°C/min), TG-DTA 347 24.4 1.0 
[326] dynamic (5-20°C/min), TGA 214 -269 15.16-22.39 0.6 
    This work 216  14.89 0.7 – 1.6 
* obtained at n = 1  
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Fig. 7.8 The relationship of log A and Ea obtained from literature in table 7.2 
(Ref. Bockhorm, H. et al [30]; Ceamanos, J. et al. [324]; Kim, S. [323]; Sinfr, F.S.M., et 
al. [326]; Westerhout, R.W.J., et al. [325]) 
 
Most of researchers have used thermogravimetry for kinetic study in both isothermal and 
non-isothermal condition. Different operating system (i.e. reactor design, reaction 
temperature, heating rate, atmosphere and inert gas flow rate) and sample size can be the 
important causes of the discrepancy. For example, the isothermal measurements with 
thermogravimetry technique need to heat up samples with slow heating rate to reach the 
desired temperatures. Thus, there are some decompositions already taking place during 
heating period. Heating rate is an important factor to the diversity in reported kinetic data 
according to heat transfer phenomena. Also some reactors require a large amount of 
sample which is different from sample size (0.05-0.2 mg) required for the reactor used in 
the present work. 
To summarize, the isothermal kinetic analysis of polyethylene as a standard material can 
lead to some conclusions and recommendations as: 
(1) The experimental set-up by micro reactor coupled to a mass spectrometer which was 
used in this present study has a potential to monitor the progression of pyrolysis process 
and to be an apparatus for isothermal kinetic study. 
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(2) The amount of sample per measurement is very small which minimizes the effect from 
heat and mass transfer. Also this experimental set-up is suitable for the analysis in the case 
of limited amount of samples. 
(3) Each measurement takes a very short period, thus the drawback of isothermal study, 
which is time-consuming, can be reduced by this experimental method. 
(4) Most isothermal kinetic measurements have suffered from uncertainty arising from 
decomposition that could occur during the course of the temperature rise to the target 
values. In this work, sample was inserted into the furnace at a constant temperature. The 
decomposition during heating period can be eliminated. Although there is a detectable 
induction time, it is very small comparing to the whole measurement time. 
(5) The model of thermal decomposition of polyethylene can represent the experimental 
data for every studied temperature. However at these temperatures polyethylene go through 
a melting process which causes the diversity between the measured data and the model 
data at low degree of conversion. 
(6) A restriction of this experimental set-up is that the lowest isothermal temperature 
should keep in the temperature range of mass loss in non-isothermal measurement. Due to 
this system is applied with very small amount of sample, at low temperature the high noise 
to signal ratio of evolution curves and low maximum solid conversion will affect to kinetic 
analysis. 
(7) The obtained formal kinetic parameters of polyethylene as apparent activation energy 
(216 ± 9 kJ/mol), the log of pre-exponential factor (14.89 ± 1.34 min-1) and order of 
reaction (0.7-1.6) are acceptable with literature data; although there is a compensation 
effect and the difference among reported data. 
The kinetic evaluation of polyethylene decomposition shows that this instrument and the 
procedure have potential for isothermal analysis. Then, this new technique and evaluation 
procedure are employed to the typical wood based materials (cellulose, hemicellulose, and 
lignin) to demonstrate that the unit is capable to assess the formal kinetic parameters from 
biomass components before applying to algae sample. 
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7.4 Isothermal kinetic analysis of cellulose 
Isothermal measurements for Whatman filter paper as a representative for cellulose were 
carried out at 350, 360, 370, 380, 390 and 400°C under helium atmosphere. Complex 
products were detected by mass spectrometer from 10 to 300 mass units and normalized 
amount of each mass product is shown in Fig.7.9. The most abundant product is 
levoglucosan (m/z = 60). Also hydroxyacetaldehyde (m/z = 31), formaldehyde (m/z = 29), 
water (m/z = 18), carbon dioxide (m/z = 44), carbon monoxide (m/z = 28) and several tars 
are the relevant products of thermal decomposition of cellulose. 
 
 
 
 
 
 
 
 
 
 
Fig. 7.9 Mass spectrum obtained by isothermal degradation of cellulose at 350°C 
 
The typical fraction decomposition reaction (α) versus time (t) curves at different 
temperatures of cellulose is presented in Fig.7.10. In this temperature range, the 90% 
decomposition of cellulose was obtained at less than 4 minutes. Short induction periods 
(∼6 s) refer to the heating of sample particles for all measurement (350-400°C). 
For evaluation of the kinetic data, the degree of conversion equation is fitted by means of 
least squares fitting by variation of k and n to the experimental degree of conversions. 
Apparent activation energy (Ea) obtained from the Arrhenius plot in Fig.7.11 with 95% 
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confidential interval is 131 ± 6 kJ/mol and the log of pre-exponential factor is 10.89 ± 1.19 
min-1 with a coefficient of linear regression (R2) at 0.9928. The temperature-dependent 
reaction order (Fig.7.12) of cellulose thermal degradation is considered to be constant at 
1.06 for temperature between 350 and 400°C. The degree of conversion curves from 
obtained kinetic parameters is compared with the experimental curves in Fig.7.13. A good 
fitting can be observed at the whole range of temperature; although at higher temperatures 
the discrepancy becomes larger. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.10 Degree of conversion for thermal decomposition of cellulose as a function of 
time for temperatures at 350-400°C 
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Fig. 7.11 Arrhenius plot for the decomposition of cellulose 
 
 
 
 
 
 
 
 
 
Fig. 7.12 Apparent order of reaction in dependence on temperature of cellulose 
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Fig. 7.13 The comparison of the degree of conversion from experiments and from 
calculation of cellulose (dots for experimental curves and solid line for calculated curves) 
 
Fig.7.14 compares the apparent kinetic parameters of this present study ( Ο ) with those 
reported in literature. Most of kinetics of cellulose decomposition is based on a single 
reaction, expressed in term of total mass conversion (α). Also it is often that the reaction 
model is considered as n =1 reaction. Conesa, J.A., et al. [327] had tested several functions 
for cellulose decomposition and they reported a first-order rate model and a Prout-
Tompleins type model giving the best fitting. While Dollimore, D. and Holt, B. [328] 
reported a good fit to weight loss data with Avrami-Erofeev rate equation.   
The compensation effect among reported kinetic parameters in Fig.7.14 for cellulose 
thermal degradation is existent with a relationship as 
log A = 0.0708 Ea + 1.4055;     R
2 = 0.9599 
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Fig. 7.14 The relationship of log A and Ea obtained from literature of cellulose 
decomposition and this work  
(Reference: Lin, Y.-C., et al. [270], Teng, H. & Y.-C. Wei [282], Antal, M.J., et al. [264], 
Yang, P. & S. Kokot [280], Capart, R., et al [273], Dahiya, J.B., et al. [31]) 
 
The varying of parameters is caused by the different types of cellulose, the heating rate, the 
sample mass and the evaluation of sample temperature during thermal decomposition. 
Moreover the published activation energy values and pre-exponential factors are valid for 
the certain temperature range. 
 
7.5 Isothermal kinetic analysis of hemicellulose 
Xylan as a representative of hemicellulose was pyrolyzed at 280, 290, 300, 310, 320, 330 
and 340°C. Due to its lower reactivity than cellulose, the selected isothermal temperature 
range was lower than that of cellulose. These selected temperatures range is kept in the 
devolatilization region which was observed from non-isothermal weight loss data and these 
range is low enough to minimize the interrupting from char formation. At 300°C, the 
produced compounds from xylan decomposition are mainly the permanent gases as carbon 
dioxide, water, and carbon monoxide, as well as ketones, furans, carboxylic acids, and 
alcohols as shown in Fig.7.15. Tars can be detected up to m/z = 283. 
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Fig. 7.15 Mass spectrum obtained by isothermal degradation of hemicellulose at 300°C 
 
The degree of conversion curves of hemicellulose thermal decomposition are shown in Fig. 
7.16 at various temperatures. Even though the reaction temperature is low (280°C), the 
degradation occur rapidly. The average induction period was about 3 second and the 
conversions at 90% were reached in 6 minutes.  
Fig.7.17 shows the Arrhenius plot of hemicellulose at various temperatures. A linear 
regression at a coefficient of linear regression (R2) of 0.9956 provides the apparent 
activation energy of 125 ± 5 kJ/mol and the log of pre-exponential factor of 11.53 ± 0.93 
with 95% confidential interval. The order of reaction presented in Fig.7.18 shows an 
average order ( 	 = 1.10). Due to the constant order of reaction, it can be implied that here 
is no mechanism change at temperature 280–340°C. The comparison between the 
experimental curves and the model curves (Fig.7.19) shows a good fit. It can be notified 
that at higher temperature the diversity of model from measurement data becomes greater. 
This model parameter can be applied with high accuracy for the whole range of studied 
temperatures. 
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Fig.7.16. Degree of conversion for thermal decomposition of hemicellulose as a function 
of time for temperatures 280-340°C 
 
 
 
 
 
 
 
 
Fig. 7.17 Arrhenius plot for the decomposition of hemicellulose 
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Fig.7.18 Apparent order of reaction in dependence on temperature of hemicellulose 
 
 
 
 
 
 
 
 
 
Fig. 7.19 The comparison of degree of conversion from experiments and from calculation 
of hemicellulose (dotted lines for experimental curves and solid lines for calculated curves) 
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There are few studies compared to those of cellulose have been carried out on the thermal 
decomposition of hemicellulose. Reported kinetic models can be classified into one-step 
mechanism and multi-step mechanism. The obtained kinetic parameters from this work 
based on one-step reaction shows comparable values for the data in literature. There is a 
compensation effect among the reported kinetic parameters of hemicelluloses as shown in 
Fig.7.20. From this range of data, the relationship of activation energy and pre-exponential 
factor can be derived in a linear form (R2 = 0.9554) as 
log A = 0.0708Ea + 1.4644 
The diversity of kinetic data for hemicellulose decomposition is due to the different 
experimental conditions and reaction model. In addition, kinetic data have been evaluated 
by assuming the temperature of the sample is equal and no temperature gradients at 
different heating system. However the kinetically controlling conditions are difficult to 
achieve and the heat transfer phenomena can cause a large error in thermal decomposition 
of solid samples. 
 
 
 
 
 
 
 
 
Fig. 7.20 The relationship of log A and Ea for one-step model evaluation of hemicellulose 
decomposition  
(Ref: Fisher, T., et al. [286]; Müller-Hagedorn, M., et al. [208]; Teng, H. & Y.-C. Wei 
[282]; Órfão, J.J.M.& J.L. Figueiredo [24]; Manyà, J.J., et al. [285]) 
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7.6 Isothermal kinetic analysis of Lignin 
Alkali lignin was used in this study as a representative for lignin. The small lignin samples 
(0.1 mg) were pyrolyzed at isothermal temperatures from 320 to 500°C with 20°C 
intervals. The degree of conversion curves at isothermal temperatures is presented in 
Fig.7.21. Lignin decomposes at rapid rate at the beginning and then the rate becomes much 
lower at higher degree of conversion, especially at higher than 95% conversion. The 
induction period (∼1 s) is shorter than those of cellulose and hemicellulose. This correlates 
to the dynamic thermal degradation of lignin from chapter 4 showed clearly that lignin 
degrades in a wide range of temperature but it starts decomposition at low temperature as 
that of hemicellulose.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.21 Degree of conversion for thermal decomposition of lignin as a function of time 
for temperatures at 320-500°C 
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Apparent activation energy and the log of pre-exponential factor obtained from the 
Arrhenius plot (95% confidential interval) in Fig.7.22 is 72 ± 4 kJ/mol and 6.51 ± 0.73 
min-1 with a coefficient of linear regression (R2) of 0.9924. The order of reaction (Fig.7.23) 
shows a quite inconstant value. At low temperatures (<380°C) the reaction order is around 
1.75 and then the order increase to about 1.88 at 380°C. After that the reaction order 
slightly decreases until around 1.64 at 500°C. This can be explained that at low 
temperatures, only small molecules such as carbon monoxide, carbon dioxide, water and 
light hydrocarbons production play an important role but at high temperatures, the tars 
production becomes predominant. That can see clearly from mass spectrometric result in 
Fig.7.24 (a-b). At temperature 340°C, there are no compounds with mass per ratio higher 
than 100 can be detected. On the other hand, there is several tar products, which are mainly 
aromatic compounds, can be detected up to m/z = 300 at temperature 500°C.  Comparing to 
the non-isothermal thermal decomposition, temperature around 400°C is the starting 
temperature of slow solid decomposition. 
 
 
 
 
 
 
 
 
 
Fig. 7.22 Arrhenius plot for thermal decomposition of lignin 
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Fig. 7.23 Apparent order of reaction in dependence on temperature of lignin 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.24 Mass spectra of thermal decomposition of lignin at 340 and 500°C 
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Fig. 7.25 The comparison of degree of conversion from experiments and from calculation 
of lignin (dots for experimental curves and solid lines for calculated curves) 
 
The comparison of the model conversion curves with the measured curves at various 
temperatures is shown in Fig.7.25. Good fitting is obtained at the conversion degree up to 
95%. After their rapid decomposition, they turn to very slow weight loss until reach the 
constant weight. This very slow rate will give a long extension of the degree of conversion 
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curve toward longer time with small weight change. This change made it difficult to 
identify the final time of thermal decomposition of lignin to reach the constant weight. 
Thus, the model curves show the possibly long tail of degree of conversion curves. 
The discrepancy at some points between the measured and model curves can be caused 
from the complex mechanism of lignin which decomposes in a wide range of temperatures. 
In this range, there can be several series and parallel reactions occur as it can be observed 
from the inconstant order of reaction plot. Moreover, at low temperatures, the thermal 
decomposition may be affected from the melting process of lignin which causes the 
discrepancy at low temperature curves. 
The obtained kinetic data in this present work are similar to those in literature of which 
activation energy of lignin decomposition is in the range of 60–80 kJ/mol and the pre-
exponential factor is in the range of 6–8 min-1 [279, 288, 293, 294]. However there are 
some works reporting the higher value up to 195 kJ/mol [292] and some reported very low 
activation energy value at 12.49-42.60 kJ/mol [290]. This wide range of value causes by 
the different type of lignin, the experimental conditions and also the evaluation method. 
Section 7.4-7.6 showed that this new developed instrument and the kinetic evaluation 
procedure applied in this work are capable to apply to typical biomass materials (cellulose, 
hemicelluloses and lignin). Also, the calculated kinetic parameters are in good quality after 
comparing with literature data and also comparing with measured data from this work. 
 
7.7 Isothermal kinetic analysis of Chlorella vulgaris 
Chlorella vulgaris was decomposed in the absence of oxygen at various isothermal 
temperatures from 250 to 600°C. These temperatures were chosen from the main weight 
loss region detected in non-isothermal thermogravimetric measurements. Products from 
thermal decomposition of Chlorella vulgaris are complicated because microalgae are 
composed of several biopolymers, such as protein, soluble polysaccharide, insoluble 
polysaccharide and lipid. The mass spectrum of volatile products from Chlorella vulgaris 
decomposition, such as phenol, pyrrole, toluene, and indole, at 600°C is shown in Fig.7.26. 
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Fig. 7.26 Mass spectrum of decomposition products of Chlorella vulgaris at 600°C 
 
Large number of products can be detected up to around 300 mass units. These include 
permanent gases, carbon dioxide which is the most abundant gas in this pyrolysis, carbon 
monoxide and water. A wide range of light hydrocarbons and tars at high molecular weight 
are important for liquid-phase products.  
From the isothermal measurements, the degree of conversion curves (α) at various 
temperatures from 250 to 600°C with 50°C intervals are plotted in Fig.7.27. The 
conversion at 90% can be achieved in 10 minutes for 250°C and in 0.15 min for 600°C, 
while the whole measurement is completed at 23 min and 0.5 min for 250°C and 600°C, 
respectively. The short induction period at the beginning of decomposition is less than 6 
seconds which is negligible comparing to the whole measurement time. At high 
temperatures, their induction periods are constant around 2 seconds which refers to the 
transfer time and the time gap between inserting sample into furnace and starting the 
detection of MS. 
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Fig. 7.27 The degree of conversion (α) for thermal degradation of Chlorella vulgaris as a 
function of time for temperature 250–600°C 
To evaluate apparent kinetic parameters, the rate coefficient (k) and apparent order of 
reaction (n) were calculated by means of least square fitting (equation (7.4)) and then the 
apparent activation energy and pre-exponential factor were obtained from linear regression 
of Arrhenius equation (equation (7.5)). Arrhenius plot and the order of reaction plot are 
shown in Fig.7.28 and Fig.7.29, respectively.  
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Fig. 7.28 Arrhenius plot for thermal decomposition of Chlorella vulgaris at 250–600°C 
 
 
 
 
 
 
 
 
 
 
    Fig. 7.29 Apparent order of reaction for thermal decomposition of Chlorella vulgaris at 
250–600°C 
 
-4
-3
-2
-1
0
1
2
0.0011 0.0013 0.0015 0.0017 0.0019 0.0021
-
ln
 k
1/Temperature (K)
 
1
1.1
1.2
1.3
1.4
1.5
1.6
250 300 350 400 450 500 550 600
A
pp
ar
en
t o
rd
er
 o
f 
re
ac
ti
on
 (
n)
Temperature (°C)
149 
 
From the Arrhenius plot in Fig.7.28, there are the changes in slope of Arrhenius plot after 
400°C and at 500°C. However, due to the inconstant of Arrhenius slope within 400-600°C 
compared to the slope in the range of 250-400°C, more experimental results were added to 
Fig.7.28 at temperatures of 420, 470, 520, and 570°C to clarify the trend of this plotting. 
The Arrhenius plot including the additional results is showing in Fig.7.30. It can be seen 
that the first change after 400°C can be approximated the change temperature around 
430°C. Hence, the Arrhenius plot from this experiment can be separated into three sections 
as (I.) 250-430°C; (II.) 430-500°C; (III.) 500-600°C. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.30 Arrhenius plot for thermal decomposition of Chlorella vulgaris at 250–600°C 
when including the additional data at 420, 470, 520 and 570°C 
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to 1.15. The apparent activation energy, pre-exponential factor and apparent order of 
reaction values for the whole range of temperature (250-600°C) are summarized in Table 
7.3. The R2 for temperature 430-500°C is low because the number of data is small in a 
narrow range of temperature. 
Table 7.3 Apparent activation energy, apparent order of reaction and pre-exponential factor 
for isothermal decomposition of Chlorella vulgaris 
Temperature (°C) Ea (kJ/mol)* log A (min
-1
)* R
2
 n 
250 - 430 57.2 ± 2.8 5.32  ± 0.55 0.9957 1.21-1.45 
430 - 500 8.8 ± 9.4 1.75 ± 1.52 0.4950 1.45 
500 - 600 40.4  ± 5.3 3.88  ± 0.78 0.9616 1.45-1.15 
* at 95% confidence interval 
The model plotting from the obtained kinetic parameters are compared with the measured 
data in Fig.7.31. It needs to be noted here that the calculated kinetic parameters depend on 
the related temperature ranges. These calculated or model plots show a good fitting with 
experimental data in the wide range of temperature with considering the mechanism 
change. 
The change of reaction order observed from thermal degradation of Chlorella vulgaris 
between 430°C and 500°C suggests the complex mechanism which depends on 
temperature. It is well established that microalgae comprise of several biopolymers and 
they have different thermal reactivity. Thus, at different reaction temperatures, 
decomposition pathway of Chlorella vulgaris is dominant by favoured components. 
However, within middle temperature region (430-500°C), the apparent activation energy of 
Chlorella vulgaris under isothermal conditions is lower than the other regions. Therefore, 
this can be suggested that the pyrolysis of these microalgae sample should be carried out at 
temperature between 430°C and 500°C because of requiring less energy than other reaction 
temperatures. 
The literature on kinetics of both microalgae and macroalgae has a limited number 
compared to the lignocellulosic biomass. All accessible reports up to now are based on the 
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non-isothermal kinetic analysis by thermal analysis techniques. The reported kinetic 
parameters from non-isothermal studies are the overall values of complex mechanism. 
A very wide range of reported activation energy for algae is in the range of 27.2–261.2 
kJ/mol [259, 296-303, 329]. The reasons that make a large diversity in kinetic parameters 
of algae are: 
1. Studied temperature range: The kinetic parameters depend on the temperatures. For 
kinetic studies on algae, there are some studies showing the different kinetic 
parameters at low and high temperatures. The higher activation energies were 
found at low temperatures than those at high temperatures [259, 329] as the same 
trend in this present work. 
2. Different type of algae: The kinetic parameters of microalgae and of macroalgae 
and also among different species of microalgae show the varying in reported values 
because of the difference of cell components. 
3. Evaluation method: In non-isothermal kinetic analysis, researchers applied different 
method to evaluate kinetic data, such as Freeman-Carroll method, Popescu method, 
Isoconversional method and Coats-Redfern method. 
4. Reaction model: There is a varying in order of reaction or reaction model in 
literature. Most of works, the orders of reaction are higher than 2.0. Avramic-
Erofeev model (n =3) are often applied for low temperature region.  
5. Complexity of microalgae reaction: Many reactions with various activation 
energies occur during thermal decomposition of microalgae. If the low activation 
energies steps dominate in the studied temperature range, the apparent activation 
energy in this range may present at a low value. In addition, in the case of 
simulated overlapping decomposition curves, the apparent kinetic values of overall 
process are closed to kinetic values of the low activation energy curve [330]. 
The apparent kinetic parameters of this work are at the low value comparing to other 
reports. These can be affected by all reason mentioned above. The nth-order model is 
applied into the kinetic analysis in this study. Although this model is appropriated for other 
materials (polyethylene and lignocellulosic main compounds), in the case of Chlorella 
vulgaris, other reaction models should be considered in the future studies for thermal 
decomposition of these microalgae.  
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Fig. 7.31 The comparison between the experimental degrees of conversion curves and the 
calculated curves from applying three kinetic parameter sets of Chlorella vulgaris 
decomposition (dots for experimental curves and solid lines for calculated curves) 
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7.8 Summary of isothermal study 
In the last few decades the kinetic study of the thermal decomposition of biomass tends to 
be carried out under non-isothermal conditions due to its rapidity. Unlike isothermal 
condition, the change of temperature and concentration occur simultaneously in non-
isothermal measurement, thus the rate expression is affected from both temperature-
dependent and concentration-dependent factors. Although the important benefit from 
isothermal analysis is that the change of reaction mechanism can be detected, while the 
non-isothermal analysis gives the overall value of the process, its time consumption and 
limitations of analytical instrument reduce the kinetic interest in isothermal conditions. 
The new developed microreactor with evolved gas analysis used in this work shows the 
potential for kinetic study for polymers and biomass materials. This experimental set-up 
minimizes the requirement of sample size and experimental time without temperature 
overshooting. These lead to the kinetic study of limited amount of sample and it makes 
isothermal analysis comparable to the rapidity of non-isothermal analysis. Moreover, the 
small sample size leads to the reduction of heat transfer effect. In addition, not only had the 
monitoring the progress of reaction but also the information on products can be detected by 
means of evolved gas analysis via mass spectrometer. The apparent kinetic parameters for 
every material in this isothermal study are listed in table 7.4 below.  
Table 7.4 Summary of apparent kinetic parameters of every studied material (at 95% 
confidence interval) 
 
 
 
 
 
 
 
Sample T (°C) Ea (kJ/mol) log A (min
-1
) n R
2
 
Polyethylene 450 - 550 216 ± 9 14.89 ± 1.34 0.7-1.6 0.9958 
Cellulose 350 - 400 131 ± 6 10.89 ± 1.19 1.06 0.9928 
Hemicellulose 280 - 340 125 ± 5 11.53 ± 0.93 1.1 0.9956 
Lignin 320 - 500 72 ± 4 6.51 ± 0.73 1.64 - 1.88 0.9924 
C.vulgaris 250 - 430 57 ± 3 5.32  ± 0.55 1.21-1.45 0.9940 
  430 - 500 9 ± 9 1.75 ± 1.52 1.45 0.4950 
 
500 - 600 40 ± 5 3.88  ± 0.78 1.45-1.15 0.9616 
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The kinetic parameters from isothermal conditions are much less available in the literature 
compared to those from non-isothermal conditions. Especially in the case of algae, there 
are no accessible reports which study kinetics in isothermal conditions so far. The obtained 
kinetic values in this present study can be considered to be in the range of other reported 
values. In addition, the compensation effect is observed in the activation energy and pre-
exponential factor of this range of samples. The comparison of kinetic parameters needs to 
consider different experimental conditions, such as sample size, heating rate, reaction 
temperatures and atmosphere.  
In the case of polyethylene, since its melting point is lower than the reaction temperature, 
the heat of adsorption for phase transition in sample particles need to take into account the 
thermal decomposition process, as biomass materials cannot detect the phase transition at 
the initial experimental time. It has been observed that the experiments in which samples 
are rapidly heated or isothermal measurements give the apparently lower activation 
energies than the values from the slow heating rate experiments. The heat transfer 
phenomena inside the sample and between the experimental system and the sample, the 
complex mechanism of thermal decomposition and the mathematical analysis are the main 
causes for the discrepancy in the results of kinetic parameter from pyrolysis. 
Due to the limited reported information on thermal decomposition of algae and the 
unavailability of their isothermal kinetic parameters, it is difficult to compare the kinetic 
result of Chlorella vulgaris. However the existence of the mechanism change in 
decomposition and the temperature dependence of kinetic data are presented for 
microalgae in the present work alongside some literatures data. The change can be 
explained by the influence of thermal decomposition of different fragments/biopolymers in 
microalgae. The low activation energy of Chlorella vulgaris can be affected from the 
selected reaction model and the complicated of thermal decomposition process. 
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Chapter 8 
Non-isothermal Kinetic Analysis 
From the result of the isothermal analysis of Chlorella vulgaris in chapter 7, the apparent 
kinetic parameters are separated into three sections. It is mainly because the multi-
component in this microalgae sample. While lignocellulosic materials have three well-
identified main components (cellulose, hemicellulose and lignin) and these materials are 
also available commercially. Therefore, it is possible to reduce the complexity of the 
decomposition of lignocellulosic biomass by studying from the decomposition of their 
main components instead. On the other hand, the knowledge of the main components of 
algae is still on studying and it is not able to identify the specific materials to represent this 
microalgae sample. Thus, the non-isothermal kinetic analysis in this chapter is applied to 
Chlorella vulgaris to present a procedure for analysing the complex reaction by evolved 
gas analysis technique and together with the deconvolution method by Gaussian 
distribution. 
 
8.1 Experimental set-up 
Non-isothermal experiments were studied by an in-house built coupling of 
Thermogravimetry and Mass Spectrometry (TG-MS) which was given its detail in section 
5.4.1 (see Fig.5.2). The quadrupole mass spectrometer was employed to record the gas 
evolution profiles at total pressure of 1 × 10-6 - 5 × 10-6 mbar. Maximum 64 channels were 
set in Multiple Ion Detection (MID) mode to detect the selected masses in the range from 1 
to 100 mass per charge ratio (m/z), including H2 (m/z = 2), CO2 (m/z = 44), CO (m/z = 28), 
H2O (m/z = 18), NH3 (m/z = 17) and various hydrocarbons. 
Due to the limitation of MS channels in TG-MS measurements, the evolution profile of 
tars with mass range between 100-300 mass unit was obtained from the dynamic Pyrolysis 
(A Double-Shot pyrolyzer)-Mass Spectrometry (Hewlett Packard 5972 series) (Py-MS). 
Temperature profile for pyrolyzer was set the same as those of Thermogravimetry in TG-
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MS. The sample size 0.5-1.0 mg was inserted into furnace in helium atmosphere with flow 
rate 20 ml/min. The metal transfer line was kept at 300°C to minimize the condensation.  
 
8.2 Evaluation of formal kinetic parameters from  
      non-isothermal measurements 
For non-isothermal measurements, temperature increases constantly with a ramp rate (β) 
and the kinetic equation is described by equation (3.10). Thermal decomposition of solid 
resulting in gaseous product can be interpreted by assuming that the measured product 
concentration of gaseous mixture leaving the system at any time reflects the rate of 
decomposition of solid sample at that time. 
Since the measured mass per charge ratios are limited over the range of temperature due to 
the limited detection channels of mass detector (64 channels). The production rate of 
volatiles can be detected as a function of ion current time or pyrolytic temperature. The 
degree of conversion is adapted from [208] in equation (3.12) and expressed in the form of  
∫ ∑
∫ ∑
∞
=
=
=
T
T
N
i ii
T
T
N
i ii
dTMTI
dTMTI
T
0
0
1
1
)(
)(
)(α …………………………… 8.1 
where N is the different volatile product, Mi is the molecular weight of each ion fragment 
and Ii(T) is the ion current of each ion fragment at temperature T. 
A model based on parallel, independent, nth-order reactions will be applied to thermal 
decomposition of Chlorella vulgaris. This model simply assumes that solid sample consists 
of several fractions which decompose at different rates and temperatures. The reactions are 
kinetically controlled and there are no secondary reactions among the released gaseous 
products. The evolved gas profiles show the overlapping of many peaks and shoulder(s). 
Each peak or shoulder will be treated as a single reaction from a separating fraction 
presenting in sample. Thus, the deconvolution method is required to enable the kinetic 
evaluation for every single peak. 
For deconvolution method, simple derivative of weight loss curve of a single reaction can 
be presented in the form of Gaussian distribution. As the complexity of biomass pyrolysis, 
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there are many overlapping single reactions during the reaction temperature range. For a 
single reaction, a Gaussian curve represents its weight loss behaviour. The Gaussian 
distribution or normal distribution is a continuous probability distribution that has a bell-
shaped probability density function which can be generally written as 





 −
−=
2
2
2
)(
exp)(
c
bx
axf  …………………………….. 8.2 
Making equation more applicable for experimental data, the Gaussian distribution is 
adjusted to 
)/)(exp( 22max sTTHG −−= ……………….……………. 8.3 
where maxT  is the peak temperature of a Gaussian curve, s is the width of the peak and H is 
the intensity of peaks. The relationship in equation (8.3) is used to describe the evolved gas 
profiles by optimization the parameter H, Tmax and s with measured data by using 
MATLAB programme. 
A single expression can be used for a single reaction or a single peak in any MS profile. 
The expression can be adjusted to: 
jn
jajjj RTEAdTd )1)(/exp()/(/ αβα −−= …………………. 8.4 
Hence, the whole kinetic description of the sample pyrolysis relates to several kinetic 
parameter sets. Then, the overall mass loss rate for parallel reactions is a linear 
combination of dTd j /α rates:  
∑ ==−
M
j jcal
dTddTd
1
// αα  ………………..……….. 8.5 
where αcal is the simulated degree of conversion and M is number of data points.  
To evaluate the apparent kinetic parameters of a single reaction, the direct model fitting by 
minimizing the deviation between the measured data and model curve. The deviation is 
presented in form of ‘Root Mean Square Error (RMSE)’ between the approximation )(tcalα   
and the measured values )(exp tα by 
158 
 
∑ = −−=
n
i caln
RMSE
1
2
exp )(1
1
αα ……………………….. 8.6 
 
8.3 Weight loss curves and evolution profiles of volatile products 
The weight loss of Chlorella vulgaris during thermal decomposition from 100°C to 600°C 
at 20°C/min is presented in the form of its derivative (DTG) in Fig.8.1 (a). It shows that 
Chlorella vulgaris decomposes into two main peaks at 200-400°C and 400-550°C.  
The lack of information on product evolution from thermogravimetry leads to the 
combination with evolved gas analysis technique. In this work, mass spectrometry is 
selected to monitor the products from pyrolysis of Chlorella vulgaris samples. 
Simultaneous total evolved gas profile or total ion current (TIC is presented in Fig.8.1 (b). 
The ion current in y-axis of TIC represents a fractional intensity of the evolved gas mass 
with respect to the carrier gas. At lower temperatures, the permanent gases and water are 
the dominant products and at higher temperatures, there are several light hydrocarbons and 
tars are produced. The well correlation between DTG and TIC curve can be observed. 
However, the ratio of peak height between two decomposition regions in TIC is different 
from that of the weight loss curve. This difference can be explained by the absence of tars 
evolution in TIC due to the limitation of MS detector. If the total ion current includes 
evolved tars profile, it is assumed that the height ratio between both peaks of TIC will be 
similar to DTG curve. The rate of the produced tars can be obtained by Pyrolysis-Mass 
spectrometer (Py-MS) for evolved gases mass up to 300 u. In addition, the increase of 
baseline and the transfer time delay in TIC curve are observed.  
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Fig. 8.1 (a) The derivative of thermogravimetric curve at 20°C/min and the produced gases 
evolved at peak temperatures, as well as (b) the total ion current (TIC) curve.
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8.4 Evolved-gas Data treatments 
From the observed differences between DTG curve and TIC curve (Fig.8.1), it is necessary 
to treat all evolution profile before further evaluation. There are four issues which are the 
volumetric flow, the estimated response factors, tars evolution from pyrolysis-mass 
spectrometry (Py-MS), and evolved-gas transfer delay are considered in this data 
treatments section. 
8.4.1 The volumetric flow  
Volumetric flow from the TG to the MS detector depends on the temperature and pressure 
of the system [331]. The vacuum pump inside mass spectrometer reduces the total pressure 
of the system to 1 - 5 × 10-6 mbar which is suitable for the operation of the MS detector. 
Moreover, the carrier gas flow rate, the temperature of transfer line, the length and inner 
diameter of capillary influence the total pressure. Thus, at the same operating conditions, 
the pressure and temperature is constant. Then the volumetric flow should be stable. 
 
 
 
 
 
 
 
 
 
Fig. 8.2 The plotting of helium ion intensity when there is a pyrolysis of biomass (    ) and 
when there is no pyrolysis of biomass (    ) taking place in TG chamber and the 
temperature programme (          ). 
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However, the volumetric flow in this experiment was found unstable which can be 
explained by the increased capillary diameter. For every measurement, the total pressure 
before starting pyrolysis reached at a constant value. When thermal decomposition of 
sample takes place in TG chamber, samples absorbs heat to breakdown into smaller 
compounds and leave the TG through transfer line, so that every produced compound, 
especially the high boiling point compounds, which move passed the transfer line carry a 
certain heat capacity. When they reach the capillary in transfer line, they cause the 
expansion of the capillary diameter. That means the change of capillary size which allows 
more volume of evolved gas can go to mass spectrometric detector. The volumetric flow of 
gases; therefore, increases as the temperature of pyrolysis increases. It can be seen in     
Fig.8.2 that when solid sample is pyrolyzed, the intensity of helium as an inert gas 
increases. Whereas the flow rate of helium gas remains stable, the intensity of helium 
becomes higher. That means more helium gas can go through the capillary. On the other 
hand, an experiment with the same operating conditions but there is no sample applied 
inside TG chamber shows a constant level of helium throughout the whole range of 
temperature. Thus, this phenomenon will be taken into account for baseline correction of 
evolved gas data. 
 
8.4.2 The estimated response factors 
The applications of evolved gas analysis by mass spectrometry have been employed for 
both qualitative and quantitative analysis. Since each ion detected in the MS has its own 
response factor, only the shape and the characteristic temperatures of the peak can be 
compared in the case of the intensities of different ions [332]. To compare the quantity of 
different species, calibrations need to be done by either injecting some gases with known 
concentration into the system or pyrolyzing some chemicals with well-known 
stoichiometric reaction and measure their intensities from mass spectrometer. Due to the 
complex mass spectrometric fragmentation of the volatiles produced from biomass 
pyrolysis and the limitation of calibration data, there are no absolute responses factors from 
calibration which can be employed for every fragment. 
In this work, the semi-quantitative analysis was applied for the attempt to compare the 
proportion of each evolved gas profile in total ion current. There are several factors 
controlling the total ion current curve, such as carrier gas flow rate, raw material size, 
temperature and heating rate. The influences from these factors on different species were 
162 
 
assumed to be negligible because they were kept at the same values for every measurement 
and the evidence from a report [333] showing similar response factors at different 
temperature and heating rates. The important factor which will be taken into account in this 
present work is relative molecular weight of each fragment as the ‘simplified response 
factors’. 
Based on the concept of mass spectrometry, the measured ion current reflects the 
concentration or number of particles at different mass per charge ratio (m/z). At standard 
electron energy (70 eV), the fragments with double (X++) or triple (X+++) charges are 
negligible [334], the mass per charge ratio values (m/z, X+); thereby, represent the mass of 
fragment. To compare with weight loss from TG, these concentrations of fragments need 
to be simply converted to weight basis by multiply with their molecular weight.  
The evaluation of the ability to compare between total ion current and DTG curve after 
applying the simplified response factors is demonstrated by the experiment with calcium 
oxalate monohydrate (CaC2O4·H2O) in Fig.8.3. Calcium oxalate monohydrate is widely 
used [335-339] on TG-MS system due to its well-known stoichiometric thermal 
decomposition reaction for three steps of reaction to produce H2O, CO and CO2 at different 
temperatures. 
CaC2O4 · H2O  → CaC2O4 + H2O 
CaC2O4  → CaCO3 + CO 
CaCO3   → CaO + CO2 
From Fig.8.3 (a), calcium oxalate monohydrate decomposes in three steps to produce H2O, 
CO and CO2, respectively. The evolved gas profile (Fig.8.3 (b)) of these gases from MS 
detector shows the different intensity ratio from DTG curve but when multiplying with the 
simplified response factors or molecular weights (Fig.8.3 (c)), the better correlation 
between DTG and relative signal from mass spectrometry can be observed. 
Based on the possibility to use the molecular weight as simplified response factors, the ion 
current at every mass per charge ratio (m/z) value will be changed to relative ion current or 
relative ion intensity by applying these factors to enhance the ability of the comparison 
between DTG and MS signals in this work. 
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Fig. 8.3 (a.) the weight loss and its derivative of calcium oxalate monohydrate 
decomposition at 20°C/min, (b.) the total ion current measured by mass spectrometer and 
(c.) the relative signal on weight basis by applying the simplified response factors  
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8.4.3 Tars evolution from Pyrolysis-Mass Spectrometry (Py-MS) 
The limitation of the TG-MS used in this work is that the fragments which have mass 
higher than 100 u. (tars) cannot be detected. Thus, the total ion currents from mass 
spectrometer of TG-MS measurements do not include tars evolution. However, the weight 
loss from thermogravimetry links the overall decomposition. For accurate comparison 
between TG/DTG curves and evolution profiles, the tars (100-300 u) evolved profile 
obtained from the Pyrolysis-Mass Spectrometry (Py-MS) technique at the same conditions 
as those of TG-MS is included in the total ion current. 
 
8.4.4 Evolved-gas transfer delay 
The transfer time is the total time required for the produced gases to transfer from the TG 
sample crucible to the MS ion detector. It depends on the capillary length and inner 
diameter, temperature, the pressure at the entrance of the capillary, the dynamic viscosity 
of evolved gases and evolved gas properties [331, 340]. 
A transfer time delay between the DTG signal from thermogravimetry and the evolved gas 
profile from mass spectrometry in this work was observed. An estimation of the time delay 
can be calculated from the difference of the time at the maximum of the DTG peaks and 
the time at the maximum of the MS signal peaks.  
td = t(MS) – t(DTG)  ........................................................8.7 
td is the transfer time delay, t(MS) is the time at the maximum of the MS signal and t(DTG) is 
the time at the maximum of the DTG peaks. 
A thermogravimetric analyzer is primarily designed for optimum response to temperature 
and mass changes rather than the provision for evolved gas analysis. Therefore, the 
combination with mass spectrometer may introduce dead volumes and cold spots [334]. 
The large dead volume leads to the back diffusion of evolved gas. The influence of 
convective and diffusional mass transfer causes the time lag and the deviation of curve 
shapes between the measured DTG and MS signals [341]. In addition, in gas-solid system, 
the physical adsorption caused by molecular interaction forces leads to the condensation of 
vapour to liquid form [342,343]. Especially at cold spots, the evolved gases with high 
boiling point trend to take longer time in capillary or to condense [340]. Unlike 
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hydrocarbon compounds, permanent gases can transfer immediately to mass spectrometric 
detector. The cold spot in TG-MS causes the shifting and broadening of the evolved gas 
profiles of condensable volatile organic compounds. The presence of cold spots also 
affects the profile of water evolution and small influence for permanent gases [334]. 
Based on this information, the evolved gas profiles of hydrocarbons will be shifted toward 
lower temperature or shorter time with a step of the transfer time delay value (td). 
 
 
 
 
 
 
8.5 Lumped-product evolution 
The pyrolysis of biomass is complicated involving several reactions and producing a large 
number of products. There are 64 evolution profiles of pyrolysis products from the 
Chlorella vulgaris sample. To condense the complex products into more easily manageable 
system, all volatiles are lumped into six groups. The similarity of each evolved gas profile 
in case of the peak temperatures and shape, the fragmentation in mass spectrometer, as 
well as the general main products from pyrolysis are the key points to classify into these 
groups. For example, if the evolution profiles of m/z = M and m/z=N have similar pattern 
in term of shape and peak temperature, together with their fragmentation background are 
from the same fragment chemically. Thus, they are considered to produce via a similar 
process. Then m/z=M and m/z=N are classified in the same group. These six groups are (1) 
the water and ammonia gas evolution; (2) carbon dioxide evolution; (3) carbon monoxide 
and methane evolution; (4) the light hydrocarbons evolution with single peak of 
decomposition; (5) the light hydrocarbons evolution with double peaks of decomposition 
and (6) tars evolution (Fig.8.4 and Fig.8.5). Although H2O and NH3 are different 
chemicals, their evolution temperatures and shape of profiles are the same which can 
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 Thus, H2O and NH3 were classified in the same group. In this 
2 was not be included because for this pyrolysis of 
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Fig. 8.5. Six lumped gas profiles for volatiles produced from Chlorella vulgaris pyrolysis 
at 20°C/min 
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8.6 Deconvolution method applied to evolved gas profiles 
The evolved profiles represent the sum total of many overlapping individual peaks which 
are from different respective fractions in original biomass sample. These overlap of several 
peaks can be seen in every gas profile. Each peak and shoulder, called a ‘pool’, represents 
a single reaction. In order to determine precisely the position of the peaks, the evolved gas 
profiles are deconvoluted by means of the Gaussian distribution (equation (8.2-8.3)). 
The size of pools for individual species are determined by adjusting the simulated peak 
temperature (Tmax), peak height or peak intensity (H) and peak width (s) to fit the evolved 
gas profile with the trial and error approach. Then optimization tool in MATLAB 
programme (R2011a) is applied to gain the optimal Gaussian distribution parameters for 
the MS gas profiles at 95% confidential interval. The list of Gaussian distribution 
parameters of every evolved gas profile obtained from the MATLAB optimization tool is 
presented in Appendix C and the figures of the Gaussian distribution curve fitting for the 
evolved gas profiles are presented in Fig.8.6. The Gaussian distribution shows the good 
fitting to the measured profile of every volatile with R2 values of 0.99, excepting the value 
of 0.97-0.99 for group IV. This lower value is due to the low intensity of group IV profile.  
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Fig. 8.6 The Gaussian distribution curves fitted for the evolved gas profiles (Group I-VI) of 
the thermal decomposition at 5°C/min 
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8.7 The kinetic evaluation of evolved gas profiles  
By assuming independent, parallel, nth-order reactions for various products, the kinetic 
parameters for every partial reaction are evaluated by computationally direct model fitting 
method. The process was carried out in MATLAB software which was written for the 
purpose of this work (see Appendix D2) by following the evaluation concept explained in 
section 8.2. This programme allows to find a minimum value of deviation from three input 
data (apparent activation energy, pre-exponential factor and apparent reaction order) and 
the reaction order was varied between n = 1-4 for every reaction. 
The kinetic parameters for every pool at different heating rates are given in table 8.1. The 
corresponding reactions of the different pools are numbered as 1, 2, 3, and 4. There are six 
lumped gas products listed in this table, out of which four (GI, GII, GIII, and GVI) were 
found to evolve as three peaks, one as two peaks (GIV) and one as four peaks (GV). This 
corresponds to 18 equations which describe the devolatilization of Chlorella vulgaris. 
 
Table 8.1 Kinetic parameters for every partial reactions of Chlorella vulgaris pyrolysis 
from three heating rates (5, 10, 20°C/min) 
Groups 
Heating rate 
(°C/min) 
Pool Ea (kJ/mol) logA (min
-1) n RMSE* 
I 5 1 172 17.95 1.63 0.0032 
  
2 95 8.30 1.47 0.0039 
  
3 66 4.09 1.47 0.0057 
 
10 1 171 18.00 1.79 0.0030 
  
2 94 8.18 1.47 0.0036 
  
3 61 3.60 1.32 0.0036 
20 1 173 18.30 1.47 0.0049 
2 91 7.91 1.47 0.0037 
3 58 3.45 1.32 0.0036 
II 5 1 162 16.70 1.79 0.0036 
2 105 8.95 1.47 0.0044 
3 66 4.36 1.32 0.0056 
10 1 169 17.14 1.63 0.0033 
2 107 8.91 1.32 0.0061 
3 70 4.64 1.32 0.0043 
20 1 172 17.48 1.47 0.0036 
2 102 8.30 1.47 0.0040 
3 69 4.46 1.47 0.0045 
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III 5 1 89 7.59 1.47 0.0037 
2 71 4.91 1.47 0.0038 
3 214 15.08 1.79 0.0049 
10 1 90 7.46 1.32 0.0056 
2 70 4.53 1.47 0.0047 
3 221 14.85 1.95 0.0062 
20 1 94 7.80 1.47 0.0038 
2 72 4.78 1.47 0.0044 
3 223 14.67 1.95 0.0064 
IV 5 1 73 6.29 1.47 0.0045 
2 73 4.73 1.47 0.0058 
10 1 78 6.58 1.47 0.0034 
2 68 4.46 1.47 0.0050 
20 1 78 6.95 1.63 0.0047 
2 69 4.67 1.47 0.0043 
V 5 1 163 18.00 1.47 0.0052 
2 66 5.70 1.47 0.0041 
3 96 6.86 1.47 0.0041 
4 223 15.95 1.47 0.0057 
10 1 164 17.76 1.79 0.0037 
2 78 6.70 1.47 0.0041 
3 82 5.59 1.32 0.0056 
4 192 13.70 1.92 0.0076 
20 1 164 18.10 1.95 0.0041 
2 80 7.00 1.47 0.0039 
3 81 5.65 1.47 0.0038 
4 214 15.33 1.95 0.0062 
VI 5 1 124 10.66 1.47 0.0043 
2 88 6.46 1.47 0.0040 
3 212 15.48 1.79 0.0057 
10 1 113 9.37 1.47 0.0049 
2 77 5.60 1.47 0.0047 
3 221 15.78 1.79 0.0040 
20 1 117 9.97 1.47 0.0055 
2 82 5.93 1.47 0.0041 
3 226 15.70 1.79 0.0046 
* RMSE: Root Mean Square Error (equation (8.6)) 
The compensation effect was also observed from this study which is shown in Fig.8.7. A 
small valley of evaluation shows the presence of the relationship between apparent 
activation energy and pre-exponential factor to give the small deviation values. To 
facilitate the calculation of Ea, A and n value, the optimization was focused only around the 
valley. 
172 
 
 
 
 
 
 
 
 
 
 
Fig. 8.7 The deviation (RMSE) for the evaluation of kinetic parameters (Ea and A) 
The obtained kinetic parameters spread in a wide range which the apparent activation 
energies are 58-226 kJ/mol and the pre-exponential factors are 3.45-18.30 min-1, while 
apparent reaction orders lie in a narrow range between 1.32-1.95. The variation of the 
kinetic parameter for different heating rates can be observed that they increase as the 
heating rate increases. The apparent activation energies in table 8.1 can be categorized into 
four ranges which are (1) Ea = 162-173 kJ/mol and logA = 16.70 – 18.30 min
-1; (2) Ea = 
66-124 kJ/mol and logA = 5.70 – 10.66 min-1; (3) Ea = 58 – 96 kJ/mol and logA = 3.45 – 
6.86 min-1; (4) Ea = 192-226 kJ/mol and logA = 13.70 – 15.95 min
-1. 
The four ranges of kinetic parameters of evolved gas profiles, together with the peak 
temperature and decomposition temperature range of each pool in figure 8.6, it is assumed 
that there are four pseudo-components in thermal decomposition of Chlorella vulgaris. 
Each pseudo-component is pyrolyzed at different temperature range and different thermal 
behaviour. Also their decomposition peaks overlap each other, thus it is better to call 
‘pseudo-component’ instead of component. The pseudo-component 1, 2, 3, 4 degrade 
around 180-250, 200-400,200-500 and 380-500°C, respectively. 
Microalgae can be regarded as mixtures of protein, polysaccharides, lipid and minor 
components. To identify the materials presenting for each pseudo-component, the 
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information of gaseous evolution, the presence of functional groups in solid residue and the 
published literature are investigated.  
FTIR spectra of solid residue which are produced from pyrolysis at different temperatures 
from 300 to 600°C by thermogravimetry technique are shown in Fig.8.8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.8 FTIR spectrum of solid residue from pyrolysis of Chlorella vulgaris at different 
temperatures comparing to the spectrum of original biomass 
From Fig.8.8, at temperatures up to 300°C, the 3000-2800 cm-1 peaks representing the lipid 
did not show any decomposition but the peak at 3400, 1700-1500 and 1000 cm-1 which are 
assigned to protein band I, II and III, and polysaccharides are reduced (the detail on FTIR 
assignment presented in chapter 5 previously). The solid residue at 500°C does not show 
the lipid peak anymore which can be said that the decomposition of lipid take place after 
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300°C and finish before 500°C. On the other hand, protein and polysaccharides (i.e. 
cellulose and starch) start the decomposition at a low temperature before 300°C and their 
process occur in a wide range of temperature up to 500°C. At temperature 500-600°C, 
there are no significant degradations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.9 A polypeptide chain and the evolved gas profiles related to the decomposition of 
some fractions of protein 
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Some important fractions presented in protein structure are highlighted by circles in 
Fig.8.9. The evolved gas profile of NH3 (m/z = 17) and H2S (m/z = 34) are produced mainly 
at 200-400°C. The groups of aromatic products such as benzene (m/z = 78), toluene (m/z = 
92) and phenol (m/z = 94) evolve at wide temperature range from 200°C to 550°C. 
Although protein produces a high amount of gas products at 200-400°C, it can distribute to 
the degradation at higher temperature region for aromatic fractions. Thus, protein is 
considered to decompose in two different peaks by assuming that two different protein 
compositions decompose at different temperature region. These multiple steps of protein 
from the thermal decomposition process were also reported before [344-346].  
The main polysaccharides presented in Chlorella vulgaris are cellulose from the cell wall 
and starch which both are decomposed at temperatures around 300-400°C [347-349]. The 
thermal behaviour of cellulose also reported in this work previously. Moreover, some 
publications reported the decomposition of protein and carbohydrates at low temperature, 
while lipid decomposition occurs at higher temperature on the thermal decomposition of 
algae [296, 298]. 
To summarize, from all information above it leads to the identification of each pseudo-
component that pseudo-component 2 (200-400°C) comprises of protein component and 
pseudo-component 3 (200-500°C) consists of polysaccharides and some protein fractions. 
Pseudo-component 4 (380-500°C) represents the lipid component, while pseudo-
component 1 represents the extractive or adsorbed molecules which are evolved at low 
temperatures. 
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8.8 Multi-component model 
A multi-component model which consists of four independent, parallel reactions is applied 
in this study to described the devolatilization of Chlorella vulgaris. It is pointed out that 
there are four pseudo-components presenting in the Chlorella vulgaris. Each pseudo-
component (Mi) decomposes in different temperature ranges independently.  
 
 
 
 
The rate expression in non-isothermal condition for each single reaction is shown in 
equation 8.4. The formal kinetic parameters of each pseudo-component are evaluated by 
direct model fitting by minimizing the root mean square error (RMSE). The parameter 
ranges (Ea, A and n) are similar to those applied for the pools of evolved gas profiles. The 
apparent kinetic parameters of four pseudo-components at three heating rates are listed in 
table 8.2.  
The average apparent activation energies from three heating rates are in a range of 147, 88, 
73 and 207 kJ/mol for pseudo-component 1, 2, 3 and 4, respectively. The apparent orders 
of reaction for every pseudo-component are between n =1 and n =2, excepting the pseudo-
component 4 which gives the apparent order of reaction more than 2.0. The accuracy of the 
model can be affected by the size of value step, especially the pre-exponential factor. If 
small step is applied, more accuracy can be obtained but more time is required for the 
computation. The variation of the kinetic parameters for different heating rates can be 
observed that the apparent activation energy trends to increase when the heating rate 
increases. However the deviation of apparent activation energies is in the range of 1-5 
kJ/mol which indicates a small influence of heat transfer. 
 
 
M1 
M2 
M3 
M4 
Volatiles + Char 
k1 
k2 
k3 
k4 
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Table 8.2 The formal kinetic parameters of four pseudo-component decompositions at 
heating rates 5, 10, 20°C/min 
Pseudo-
component 
Heating rate 
(°C/min) 
Ea (kJ/mol) logA (min
-1
) n  RMSE* 
1 5 144 15.05 1.63 0.0029 
 
10 148 15.43 1.63 0.0030 
 
20 150 15.95 1.79 0.0034 
 
average 147 ± 3 15.63 ± 0.45 1.68 ± 0.09 0.0031 
2 5 86 7.21 1.32 0.0024 
 
10 88 7.30 1.32 0.0042 
 
20 89 7.38 1.32 0.0021 
 
average 88 ± 2 7.30 ± 0.09 1.32 ± 0.0 0.0029 
3 5 73 4.93 1.63 0.0045 
 
10 73 4.99 1.79 0.0067 
 
20 74 5.08 1.47 0.0047 
 
average 73 ± 1 5.00 ± 0.08 1.63 ± 0.16 0.0053 
4 5 209 14.85 1.63 0.0045 
 
10 201 14.21 2.26 0.0088 
 
20 210 14.66 2.11 0.0051 
 
average 207 ± 5 14.57 ± 0.33 2.00 ± 0.33 0.0061 
* RMSE: Root Mean Square Error (equation (8.6)) 
Fig.8.10 (a-c) shows the comparison between the experimental results and the models for 
Chlorella vulgaris pyrolysis, together with the individual rates of the four pseudo-
component peaks at different heating rates (5, 10 and 20°C/min). When the dotted plots 
present the measured data from Thermogravimetry in form of DTG and the solid line plots 
present the calculated data or the model plots which are obtained from the summation of 
the apparent kinetic parameters of each pseudo-component (in Table 8.2). While the sub-
curves plots present the evolution profiles of each pseudo-component obtained from their 
calculated apparent kinetic parameters (Table 8.2). 
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Fig. 8.10 Thermal decomposition rates, together with their individual component curves 
and the model plots at heating rates (a) 5, (b) 10, and (c) 20°C/min 
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Fig. 8.10 Thermal decomposition rates, together with their individual component curves 
and the model plots at heating rates (a) 5, (b) 10, and (c) 20 °C/min (continued) 
 
The good fitting between the model plots and the measured data can be observed in every 
heating rate. Deviation of model prediction was found to be less than RMSE = 0.01 for all 
condition. Thus, this four-component model suffices for the description of the thermal 
decomposition of Chlorella vulgaris.  
 
8.9 Summary of non-isothermal kinetic analysis 
In this work, the kinetic parameters for the thermal decomposition of Chlorella vulgaris 
have been derived from evolved gas profiles obtained from mass spectrometry by multi-
product and multi-component approach. Thermogravimetry-Mass Spectrometry (TG-MS) 
technique was applied to these non-isothermal kinetic measurements. When the rate of 
pyrolysis can be monitored by thermobalance, the evolution of produced gases is detected 
by MS detector in the relationship with time. The potential of TG-MS data for the 
evaluation of kinetic parameters have been successful presented in this work. 
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Evolved gas analysis not only provides more detail on thermal decomposition mechanism, 
but also is shown to be very useful in discriminating between the thermal decomposition of 
the major components in term of ‘pseudo-component’. This is especially true in the case of 
unknown mechanisms, where the characteristic of gas profiles can be used to identify the 
decomposition rate of materials in samples. Also in the case of the main components of 
sample cannot be identified to some specific chemicals or these chemicals cannot be 
extracted from sample without chemical change. 
The evolved gas profiles from TG-MS have been influenced from the characteristics of the 
instrument and the experimental conditions. Thus, the data treatment is necessary to 
proceed before further evaluation of kinetics. The cold spot and the change in volumetric 
flow are the critical effects in this kinetic study. 
The problem to identify the degree of conversion range of overlapping peaks or shoulders 
can be overcome by the deconvolution procedure with Gaussian distribution. Also this 
individual peak/shoulder represents the decomposition of the pseudo-components which 
are related to the presence of protein, polysaccharides and lipid contents in Chlorella 
vulgaris sample. The small peak around 180-250°C can be implied that it is from the 
decomposition of extractives or the evolution of adsorbed molecules. The main peak 
around 200-400°C is involved the decomposition of protein and another main peak around 
200-500°C represents the decomposition of polysaccharides and also another fraction of 
protein. The last peak around 380-500°C is related to the degradation of lipid.  
The pyrolysis of Chlorella vulgaris is successfully modelled by a kinetic scheme 
consisting of four independent nth-order reactions for four different pseudo-components. 
The direct evaluation of the derivation between the simulated rate expression and the 
evolved gas profiles was employed in this work. The apparent activation energies for the 
pseudo-components representing protein and polysaccharides are lower than 100 kJ/mol, 
while those of the peaks representing adsorbed molecules and lipid are higher, especially 
the lipid decomposition with apparent activation energy (~207 kJ/mol). The apparent 
orders of reaction of every pseudo-component are around 1.0-2.0 excepting the fourth 
pseudo-component for lipid which is higher than n = 2.0. In addition, the compensation 
effect can be observed during the kinetic evaluation, while the heat transfer influence can 
be determined as a small level. 
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Numerous studies on the thermal decomposition of biomass have focused on the estimation 
of kinetic equations by means of a global model from non-isothermal measurement at a 
single or many heating rates. The single global model gives only a set of kinetic parameters 
which represent the overall decomposition. However biomass consists of many 
components varying from species to species and also the pyrolysis process of biomass is 
complex. This detailed reaction model consists of several steps for each of the main 
components and the understanding of the evolution of volatile species during pyrolysis are 
important in term of the improved product design and improved product evaluation in the 
industry.  
 
8.10 Comparison between isothermal and non-isothermal 
kinetic analysis 
In this work, the isothermal data had been obtained from the experiment by Pyrolysis 
coupled with Mass Spectrometry (Py-MS) technique. Several measurements at different 
temperatures were carried out with a small sample size and the short experimental time 
need. The formal kinetic parameters from isothermal condition are categorized into three 
sections, low, middle and high temperature regions, due to the clearly observed of the 
change in mechanism at 430 and 500°C.  
In the case of non-isothermal condition, measurements were carried out with constant 
heating rates (5, 10 and 20°C/min) to gain data in a wide range temperature. 
Thermogravimetry coupled with Mass Spectrometry (TG-MS) have been applied in non-
isothermal pyrolysis. The kinetic parameters are evaluated from the evolution of volatile 
products. These evolved gas analysis gives more detail on the pyrolysis process and lead to 
the multi-component model reported in this work. 
To validate the formal kinetic parameters from non-isothermal measurements, the 
comparison with data from isothermal measurements are necessary [28]. The summaries of 
isothermal and non-isothermal kinetic parameters from this study are listed in table 8.3. 
For non-isothermal pyrolysis, pseudo-component 2 and pseudo-component 3 are the main 
decomposition peaks in the whole pyrolysis. Also protein and polysaccharides are the first 
and the second high content of Chlorella vulgaris sample. Thus, their apparent activation 
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energies are dominant over the others. The apparent activation energies and pre-
exponential factors of pseudo-component 2 and 3 are relative low. Although these values 
are higher than the isothermal kinetic parameters, these values are still trend to be in a low 
level similarly. The pseudo-component 1 and 4 have the high apparent activation energy 
and pre-exponential factor but due to their small contribution, these high values might not 
influence the global parameters at different temperature of isothermal condition.  
Table 8.3 Summarized isothermal and non-isothermal kinetic parameters of this work 
Approach Identification T (°C) 
Ea 
(kJ/mol) 
logA (min
-1
) n 
            
Isothermal Low temperature region 250 - 430 57 ± 3 5.32 ± 0.55 1.21−1.45 
 Middle temperature region 430 - 500 9 ± 9 1.75 ± 1.52 1.45 
 High temperature region 500 - 600 40 ± 5 3.88 ± 0.78 1.45−1.15 
      
Non-
isothermal* 
Pseudo-component 1 
(extractives) 
180 - 250 147 ± 3 15.63 ± 0.45 1.68 ± 0.09 
 Pseudo-component 2       
(protein) 
200 - 400 88 ± 2 7.30 ± 0.09 1.32 ± 0.00 
 Pseudo-component 3 
(polysaccharides and 
protein) 
200 - 500 73 ± 1 5.00 ± 0.08 1.63 ± 0.16 
 Pseudo-component 4            
(lipid) 
380 - 500 207 ± 5 14.57 ± 0.33 2.00 ± 0.33 
* average values from data at three heating rates at 5, 10 and 20°C/min 
 
Isothermal apparent activation energies at reaction temperatures below 430°C are higher 
than those at above 430°C. Like isothermal data, at temperature lower than 400°C of non-
isothermal condition, it is dominant by pseudo-component 2 with apparent activation 
energy 88 kJ/mol which is higher than the dominant apparent activation energy (73 kJ/mol) 
for pseudo-component 3 at high temperature region. The same trend also applies for the 
pre-exponential factor values. Moreover, both isothermal and non-isothermal condition 
provide the apparent orders of reaction in the range of n =1.0-2.0. 
In addition, the order model equation is widely applied for isothermal and non-isothermal 
experiments. The low apparent activation energy and pre-exponential factor values in 
isothermal and some fractions in non-isothermal analysis suggest that another model rate 
equation should be studied in the future for the decomposition of this sample. 
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The kinetic data reported in Table 8.3 shows the difference between isothermal and non-
isothermal kinetic data which can be caused by 
1. Thermal decomposition in the solid state usually involves multiple steps that 
contribute to the overall reaction rate that is measured in thermal analysis 
experiments. The contribution of each step with different activation energies to the 
overall reaction rate will vary with both temperature and extent of conversion. 
2. Isothermal and non-isothermal experiments are carried out at different temperature 
ranges. The isothermal experiments are measured in narrower temperature ranges 
than the non-isothermal ones which cover the wide range of temperature. The 
identical values of the kinetic parameters from isothermal and non-isothermal 
experiments cannot be obtained from the different conducted temperature region 
[350]. 
3. At very low range of the reaction extent (α), the isothermal data is influenced by 
the induction period when the sample is heated from outside to inside of particles. 
Also at very high range of the reaction extent (α), the change of high degree of 
conversion needs a long duration. The determination of the small mass changes 
over a long period of time is less accuracy because of the limited stability of 
detected ion current from MS detector [351]. 
4. The sample amount used in non-isothermal measurements is larger than those for 
isothermal measurement up to 20 times. The non-stationary heating of dynamic 
condition may cause the temperature gradient in the sample. The difficulty to 
measure the real sample temperature and real heating rate is the important problem 
in non-isothermal measurement. Although, in this experiment, the sample 
temperature sensor locates beneath the crucible holder, the small error in the real 
sample temperature reading can affect the evaluation of kinetic parameters. 
The thermal decomposition involves multi-step reactions which can be observed from the 
kinetic data. Thus, it seems clear that a single kinetic parameter set is not enough to 
characterize any solid state reactions. Moreover, the similarity of kinetic parameters from 
isothermal and non-isothermal experiments is shown here. However the identical values 
cannot be obtained due to the unavoidable experimental factors.  
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Chapter 9 
Conclusion and Recommendation 
 
9.1 Research conclusion 
Chlorella vulgaris, green freshwater algae, was selected for pyrolysis process in this study 
due to its high productivity and easy to cultivate. The characteristics of these algae showed 
promising properties which are comparable to those of plant biomass; although, the high 
ash content can be removed by pre-treatment. Main components of this microalgae sample 
are protein (43%), polysaccharides (22%), lipid (12%), moisture and mineral matter. These 
proportions agreed with the peak areas of DTG data which link to the main peak for the 
decomposition of protein and soluble polysaccharides and the shoulder at higher 
temperature for lipid and insoluble polysaccharides. Protein is the major component and it 
is the source of nitrogen-containing and aromatic products. The wide range of products can 
be observed from the condensed pyrolysis oil obtained from both analytical pyrolysis and 
pilot-scale pyrolysis of Chlorella vulgaris. Gaseous products mainly included water, 
ammonia, carbon dioxide, carbon monoxide and hydrogen but hydrogen seem to evolve 
after the devolatilization step at high temperature. 
A preliminary pyrolysis carried out in the pilot-scale intermediate pyrolysis reactor, called 
Pyroformer was performed to basically assess the applicability of Chlorella vulgaris as a 
biomass feed in an existing reactor. Chlorella vulgaris produced a reasonable liquid 
product yield and the organic phase can be separated from aqueous phase easily. This 
benefit led to a low water content remaining in the pyrolysis oil. Moreover, the lower 
density, lower oxygen content and higher heating value showed the comparable properties 
over lignocellulosic pyrolysis oil. However, the aspects on the high ash content and high 
nitrogen content need to be further studied. In addition, pyrolysis oil from Chlorella 
vulgaris has potential to be a source of chemicals. Bio-char from this intermediate 
pyrolysis was dry, brittle and containing high mineral content which was suggested for 
fertilizer utilisation. 
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The kinetic analysis for pyrolysis process was explored in this work for both isothermal 
and non-isothermal conditions. The drawbacks of isothermal measurements were taken 
into account in the seeking of a suitable instrument set-up and operating conditions. 
Pyrolysis-Mass Spectrometry was selected for isothermal studies since it benefit from short 
time duration for analysis and requires a small amount of sample. Also, sample is heated 
up without temperature overshooting because the temperature is well controlled over the 
very small reactor and this instrument allowed the sample to be inserted into the reactor 
when the temperature reached a set point and remained constant. Thus, pyrolysis process 
was monitored from the starting point of its decomposition. The induction period could be 
observed in evolution data detected by mass spectrometric detector but this period was 
relative short compared to the duration of the whole measurement. 
Firstly, polyethylene, a well-known polymer, was used to check the potential of Pyrolysis-
Mass Spectrometry for isothermal evaluation. The result showed that polyethylene 
pyrolysis has apparent activation energy of 216 ± 9 kJ/mol; a pre-exponential factor of 
14.89 ± 1.34 min-1; and an apparent order of reaction between 0.7 and 1.6. These results 
were compared with reported values in literature and were found to be in good agreement. 
The melting process of polyethylene was taken into account of the deviation between 
measured data and calculated data. Moreover the benefit of isothermal measurement that it 
can detect the change of mechanism was observed in this work. 
Furthermore, lignocellulosic materials, cellulose, hemicellulose and lignin were also 
analysed under isothermal conditions to evaluate the potential of the new developed 
instrument and the kinetic evaluation procedure on typical biomass materials. Cellulose 
and hemicellulose could be described by a single reaction with the set of apparent 
activation energy, pre-exponential factor and reaction order at 131 ± 6 kJ/mol, 10.89 ± 1.19 
min-1 , 1.06 and 125 ± 5 kJ/mol, 11.53 ± 0.93 min-1, 1.1, respectively. The thermogram of 
cellulose showed the narrow decomposition curve in the temperature range 350-400°C, 
while that of hemicellulose lay between 280 and 340°C. Lignin was determined as the 
main source of char production and it decomposed in a wide range of temperature from 
320 to 500°C. Its kinetic parameters were Ea = 72 ± 4 kJ/mol, logA = 6.51 ± 0.73 min
-1 and 
n = 1.64-1.88. The good agreement between the kinetic parameters obtained from this 
study and the reported data was presented. Also, the obtained kinetic parameters can be 
applied to measured data up to 95% degree of conversion. 
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Unlike isothermal measurements, the pyrolysis temperatures increase with a constant 
heating rate during non-isothermal measurements. To gain more information on the 
evolution of products and reaction mechanism, evolved gas analysis was also applied to the 
non-isothermal study. Thermogravimetry-Mass Spectrometry was the technique to 
evaluate kinetic parameter from non-isothermal conditions. The evolution data for 
individual gas product was presented in the relationship of ion current with time. In this 
study, the utilization of TG-MS data procedure was successfully developed for kinetic 
evaluation based on the evolution profile of volatile species relevant to biomass pyrolysis. 
Due to the influence from the systematic error, data treatment of evolved gas profiles 
obtained from mass spectrometer was suggested to be the necessary process to gain the 
comparable data to the weight loss results. Moreover, the deconvolution method in the 
form of Gaussian distribution was well applicable to evolution data of volatile products. 
This deconvolution method allowed the kinetic evaluation can be applied for every single 
reaction, which their decomposition peaks are overlapping each other. The step-by-step 
procedure to employ raw TG-MS data for kinetic evaluation was demonstrated in this 
thesis in the case of Chlorella vulgaris pyrolysis. For the unknown mechanism, the 
evolved gas analysis technique proved to provide more understanding in thermal behaviour 
and reaction mechanism.  
This thesis reported some new results for the kinetics of the thermal decomposition of 
Chlorella vulgaris as derived from isothermal and non-isothermal measurements in the 
Pyrolysis-Mass Spectrometry and Thermogravimetry-Mass Spectrometry, respectively. 
From analysis of isothermal data, it was found that pyrolysis proceeds in three distinct 
temperature zones with a transition around 430°C and 500°C. The reaction orders were 
found to increase from 1.21 to 1.45 in the lower temperature zone and constant at 1.45 
within 430-500°C, then decrease from 1.45 to 1.15 in the higher temperature zone. At 
temperature from 250 to 430°C, Chlorella vulgaris pyrolysis was described by apparent 
activation energy of 57 ± 3 kJ/mol and log of pre-exponential factor of 5.32 ± 0.55 min-1, 
while at temperature 500-600°C, the apparent activation energy was 40 ± 5 kJ/mol and log 
of pre-exponential factor was 3.88 ± 0.78 min-1. In the middle temperature region (430-
500°C), the apparent activation energy (9 ± 9 kJ/mol) and pre-exponential factor (1.75 ± 
1.52 min-1) are low. 
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In addition, for non-isothermal conditions, the pyrolysis of Chlorella vulgaris was 
successfully modelled by a kinetic scheme consisting of four independent, parallel nth-
order reactions for four pseudo-components. The first pseudo-component corresponded to 
the fractions of extractives and adsorbed molecules which are reactive at low temperatures. 
The second pseudo-component represented the protein fraction and the third included 
polysaccharides and the remaining fractions of the protein. The fourth pseudo-component 
corresponded to the lipid fraction. These four categories for pseudo-components were 
derived from the temperature range of single peaks or/and shoulders of lumped evolved-
gas profiles, together with kinetic data from individual deconvoluted peaks. Protein and 
polysaccharides were identified as the main influence of Chlorella vulgaris pyrolysis and 
their decompositions represented by pseudo-component 2 and 3 peaks, respectively. The 
kinetic parameters for pseudo-component 2 were Ea = 88 ± 2 kJ/mol, logA = 7.30 ± 0.09 
min-1, and n = 1.32, while those for pseudo-component 3 were Ea = 73 ± 1 kJ/mol, logA = 
5.00 ± 0.08 min-1, and n = 1.63. The decomposition of active compounds and the 
desorption process were described by the peak of pseudo-component 1 with Ea = 147 ± 3 
kJ/mol, logA = 15.63 ± 0.45 min-1, and n = 1.68. Lipid decomposition (pseudo-component 
4) showed the kinetic parameters at Ea = 207 ± 5 kJ/mol, logA = 14.57 ± 0.33 min
-1, and n 
= 2.0. 
Both isothermal and non-isothermal kinetic results were found to present satisfactorily in 
the pyrolysis data; despite, the detection of compensation effects in this work, especially 
for non-isothermal measurements. The heat transfer effect reflected the kinetic parameters 
at different heating rates. The kinetic parameters obtained from isothermal experiments 
were found to be correlative with those obtained from non-isothermal experiments. Both 
isothermal and non-isothermal analysis (main peaks) gave the low activation energies. The 
discrepancy in kinetic results caused from simplifications in the reaction mechanism, the 
difficulty to measure the real non-isothermal temperatures or heating rates, and heat 
transfer effect.  
This work gives some new alternative ways for studying kinetics of biomass and new 
results on the kinetics of microalgae pyrolysis. First, this work showed and demonstrated 
the new developed instrument for isothermal kinetic analysis which provided good quality 
results. This instrument can be used with not only polymeric materials, but also biomass 
materials (both lignocellulosic and microalgal samples). Second, this work reported results 
of kinetics of microalgae pyrolysis which still has limited information nowadays. Third, 
188 
 
the deconvolution process by Gaussian distribution was applied to non-isothermal analysis 
aiming to suggest the alternative way to analysis the complex process of thermal 
decomposition.  
The complementary use of the two approaches (isothermal and non-isothermal) can 
provide valuable information but it needs to be considered the shortcomings and 
limitations of each approach. Isothermal thermograms were found to be simpler to interpret 
than non-isothermal ones in the case of complex reaction scheme and this method is 
suitable for chemically fundamental studies. On the other hand, the rapidity of non-
isothermal measurements leads to the application of this method on practical processes 
which are operated at similar conditions as non-isothermal experiment. However, the 
combination of non-isothermal measurement with evolved gas analysis gives useful 
information on released volatiles during decomposition. Moreover, together with the 
deconvolution technique with Gaussian distribution suggests the further application of this 
technique for samples with or without knowledge of their identified main compositions.   
 
9.2 Recommendations 
Following the studies undertaken in this thesis, some recommendations have been 
suggested for continuation of this work. 
1. Microalgae compositions depend on the species and cultivation conditions. Lipid is the 
most promising content which is suitable for biodiesel application and leads to high 
qualities of pyrolysis oil with high aliphatic and low nitrogen-containing compounds. The 
selection of microalgae species should be determined together with the possibility of 
cultivation to increase lipid content. 
2. The present study was focused only on the nth-order reaction model. The accuracy of 
kinetic parameters also depends on the model of reaction. The meaning of the ‘best model’ 
should be critically considered because of the lack of alternatives. Due to the low 
activation energies obtained from this work in some conditions, the other reaction models 
should be taken into account for future works.  
3. Due to the computational needs, a great amount of time was spent in the development 
and application of the written programmes. Several studies can be carried out to evaluate 
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kinetic data regarding the different kinds of biomass and different pyrolysis conditions in 
future works. These attempts demand the modification in the programme code with certain 
computer software knowledge. 
4. Since the non-isothermal kinetic procedure reported in this thesis is new for microalgae 
study, more experiments need to be performed for other biomass or different kinds of 
microalgae and under different conditions. Also to investigate the heating rate influence on 
kinetic parameters, more experiments at several different heating rates should be added 
into non-isothermal study. 
5. To minimize the catalytic effect from ash content in microalgae, pre-treatment to 
remove mineral matter from biomass before applying the pyrolysis process is 
recommended in the case of the acceptable reduction of the economic efficiency. 
6. The systematic errors influenced the pyrolysis characteristic and kinetic evaluation. 
Thus, the improvement of analytical instrument can enhance the accuracy of analysis. For 
example, the capillary connected between TG and MS detector should be changed to a 
metal tube which can withstand higher temperatures. 
7. For the attempt to apply microalgae to the existing pyrolysis reactors, the feed form of 
microalgae is an important point that they should be pelletized before introducing into the 
reactor. This is because the powder form of this microalgae feed could cause blockages 
inside the feeding line and also to other parts of system. 
8. To extend the use of kinetic parameters, the combination of chemical kinetic data with 
heat and mass transfer concepts will aid in reactor design and process control. 
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Appendix A: Evaluation of TG-MS system 
 
The in-house built TG-MS is a coupling of a thermogravimetric analyser (TG/DSC 1 
Mettler Toledo) with a Quadrapole Mass Spectrometry (ThermoStarTM Pfeiffer vacuum 
with QMS200). The performance of TG and MS was evaluated by calcium oxalate 
monohydrate (CaC2O4·H2O) which present a well-known stoichiometric thermal 
decomposition reaction. 
CaC2O4 · H2O  → CaC2O4 + H2O 
CaC2O4  → CaCO3 + CO 
CaCO3   → CaO + CO2 
Calcium oxalate monohydrate 10 mg was heated in TG under helium atmosphere. 
Temperature ramp started from ambient temperature to 850°C with heating rate 20°C/min. 
Produced gases were transferred to a deactivated capillary which was kept at 300°C to 
mass spectrometric detector. Simultaneous measurement between weight loss in TG and 
the gas evolution from MS was controlled by two synchronized software which start and 
stop measuring at the same time. 
 
A1. TG-MS design 
The TG furnace has a horizontal configuration with a horizontal purge gas flow. A quartz 
capillary minimizes the memory effect [331]. When evolved gases are purged out of the 
TG chamber, their temperature decreases rapidly, this can cause the condensation. Thus the 
transfer line is kept at 300°C. This TG-MS system has a simple construction and low cost; 
however, the capillary is suggested to be replaced 2-3 times per year depending on how 
often of use due to the unavoidable condensation at a cold spot. This cold spot cannot 
eliminate because of the fixed feature of the commercial TG. 
The pressure of the MS inlet is kept in a high vacuum (1-5×10-5 mbar) to minimize the 
interference between the residual gas in the system and the analysed gases [352].  Total 
pressure is controlled by the length and inner diameter of inlet capillary, the temperature of 
transfer line and the purge gas flow. These factors will be constant throughout the 
measurements to maintain a stable total pressure. 
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A2. Influence of carrier gas flow rate 
The evolved gases produced in TG chamber are mixed with the carrier gas and transferred 
to MS detector. Thus the ratio between analysed and carrier gas depends on the flow rate 
of carrier gas. The fluctuation of the flow rate will change the intensity of the MS signal. 
Two concerns for the setting of flow rate are the dilution of the analysed gases and back 
diffusion phenomena [353]. The analysed gases should be diluted as small as possible to 
increase the MS sensitivity but too low flow rate can lead to long transfer time and the 
back diffusion which causes the shifting towards higher temperatures and the broadened 
peaks. At low flow rate, the laminar flow of the purge gas can be disturbed by a convection 
flow; while less heat exchange occurred in high flow rate leads to a temperature gradient 
and low sensitivity in MS signal [352, 354]. Therefore the stability of carrier gas flow and 
the flow rate are important for the MS signal.  
Figure A1 shows the evolved gas intensities of H2O, CO and CO2 at different helium flow 
rate (50, 100 and 150 ml/min). The intensity of three gases is reduced as the helium flow 
rate increase. At 50 ml/min rate, there is a small shift toward longer time due to an 
increased holding time and the peak area of evolved gases at low flow rate. Flow rate at 
100 ml/min does not show a shift or broaden peak and give high intensity than 150 ml/min. 
 
 
 
 
 
 
 
 
 
Fig. A1 Intensity change of the mass spectrometric signals resulting from decomposition of 
calcium oxalate monohydrate at helium flow rate 50, 100 and 150 ml/min. 
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A3. Transfer time delay 
Transfer time is a total time of which evolved gases take to transfer from TG sample 
crucible to MS detector. Both high dead volumes of the TG chamber and a long distance in 
capillary lead to the greater transfer time. Moreover, the influence from the physical 
interaction or condensation at cold spot also cause a longer holding time in the system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A2 The peak temperatures of H2O, CO and CO2 production from (a) DTG and from  
(b) the evolved gas profile  
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From figure A2, the difference peak temperature for H2O, CO and CO2 are 2, 1 and 2°C, 
respectively which can be converted to the transfer time at 6, 3 and 6 s by the heating rate 
value. Thus the average transfer time is 5 seconds. The hydrocarbons can take longer time 
in the capillary due to their higher interaction between gas and solid phase by adsorption 
process. 
 
Appendix B: Selected evolution profile of isothermal 
measurements of polyethylene 
 
 
 
 
 
 
 
 
 
Fig. B1 Evolution profiles in relationship with time (min) of polyethylene pyrolysis under 
isothermal condition at selected temperatures
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Appendix C: The optimal parameters for Gaussian 
distribution curves of each evolved gas profile at 95% 
confidence interval 
 
 
Table C1. The Gaussian parameters of the evolved gas profiles of pyrolysis at 5°C/min  
Groups Pool Tmax (°C) s H R
2
 RMSE 
I 1 218 23 1.1740e-7 0.9987 7.18e-9 
2 275 47 6.0630e-7 
3 400 98 1.910e-7 
II 1 226 27 2.438e-8 0.9961 2.95e-9 
2 295 46 1.218e-7 
3 363 80 5.005e-8 
III 1 281 51 9.955e-8 0.9971 2.11e-9 
2 355 80 3.883e-8 
3 442 41 5.954e-8 
IV 1 267 60 1.474e-8 0.9849 5.81e-10 
2 390 85 2.961e-9 
V 1 192 20 3.143e-8 0.9947 4.38e-9 
2 258 62 9.745e-8 
3 378 65 1.066e-7 
4 432 35 1.3030e-7 
VI 1 300 41 5.8040e-7 0.9995 4.58e-9 
2 355 65 1.196e-7 
3 420 40 2.3240e-8 
 
Table C2. The Gaussian parameters of the evolved gas profiles of pyrolysis at 10°C/min  
Groups Pool Tmax (°C) s H R
2
 RMSE 
I 1 219 25 3.1730e-7 0.9975 2.93e-8 
2 284 49 1.6690e-6 
3 408 100 5.9730e-7 
II 1 235 25 3.4960e-8 0.9991 4.7070e-9 
2 309 45 3.7270e-7 
3 375 80 1.4810e-7 
III 1 298 50 2.2670e-7 0.9983 3.4100e-9 
2 390 90 5.8530e-8 
3 482 48 1.1150e-7 
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IV 1 279 57 1.4680e-8 0.9701 8.6460e-10 
2 384 90 3.0290e-9 
V 1 207 25 8.3950e-8 0.9982 7.3990e-9 
2 271 57 1.9720e-7 
3 380 70 1.9290e-7 
4 436 50 3.8000e-7 
VI 1 313 45 1.5160e-6 0.9960 4.3260e-8 
2 345 70 5.3730e-7 
3 440 40 1.1180e-7 
 
Table C3. The Gaussian parameters of the evolved gas profiles of pyrolysis at 20 °C/min 
Groups Pool Tmax (°C) s H R
2
 RMSE 
I 1 220 23 5.78e-7 0.9978 5.396e-8 
2 285 50 2.77e-6   
3 400 100 4.252e-7   
II 1 240 25 1.277e-7 0.9976 1.59e-8 
2 322 51 6.323e-7   
3 390 90 2.667e-7   
III 1 309 53 4.500e-7 0.9963 1.23e-8 
2 390 85 1.557e-7   
3 502 50 2.287e-7   
IV 1 263 57 8.026e-8 0.9970 1.678e-9 
2 368 85 9.958e-9   
V 1 205 27 1.517e-7 0.9973 1.790e-8 
2 275 55 4.619e-7   
3 380 75 3.375e-7   
4 445 45 5.394e-7   
VI 1 309 42 3.799e-6 0.9979 9.485e-8 
2 365 70 2.269e-6   
3 462 43 9.016e-7   
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Appendix D:Computational scripts for kinetic evaluation 
 
D1. Main computational script for isothermal kinetic evaluation for application in 
C++ programme (provided by Professor Andreas Hornung) 
/* Beginnend mit Nullzeitpunkt 
 bis das Ende der Datei erreicht ist ... */ 
 
 time = ZeroScan.T; 
 mass = 0.0; 
 n = ScanCnt - ZeroScan.Nr; 
 
 for (i = 0; i < n; i++) 
 { 
  if (Scan( &s) == 0) 
  { 
 
/* Bestimme mittlere Masse; Integriere auf mit Trapezregel*/ 
 
   data[i].T = s.T; 
   data[i].M = 0.0; 
 
   for (j = 0; j<MassCnt; j++) 
    data[i].M += ( (s.MIC[j] - ZeroScan.MIC[j]) 
* HeadScan.MIC[j] ); 
 
   IntVal += (s.T - time) * (data[i].M + mass) / 2.0; 
   data[i].I = IntVal; 
 
/*   printf( "%4d\t%6.3f\t%12.7g\t%12.7g\n", s.Nr, s.T, 
data[i].M, IntVal);*/ 
   time = s.T; 
   mass = data[i].M; 
  } 
  else 
  { 
   printf( "\n*** Fehler beim Einlesen von Scan # 
%d", i+1+ZeroScan.Nr); 
   return 1; 
  }; 
 }; 
 
/*************************************** 
********** Raten bestimmen ************* 
***************************************/ 
 
/* Ausgabedatei öffnen, Alpharaten für alle Scans bestimmen, 
Ergebnisse ausgeben */ 
 
 printf( "\nDatenausgabe läuft ..."); 
 
 if ((Out = fopen( FileName, "wt")) == NULL) 
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 { 
  printf("\n*** Fehler beim Öffnen der Ausgabedatei: 
ScanCalc()"); 
  return 1; 
 }; 
 
 fprintf( Out, "Nr\tTime\tMasse\tAlpha"); 
 
 for (i = 0; i < n; i++) 
 { 
  alpha = (data[i].I*DV + data[i].M*VR) / IntVal / DV; 
  fprintf( Out, "%c%d\t%f\t%g\t%g", 13, i+ZeroScan.Nr+1, 
data[i].T, 
     data[i].M, alpha); 
 }; 
 
 fclose( Out); 
 
 return 0; 
} 
 
D2. Main computational script for non-isothermalkinetic evaluation for application in 
MATLAB programme (developed in this work) 
 
function 
[errorTotal,bestval,bestEind,bestKind,bestNind,bestEval,bestKval] = 
compute 
%% main simulation function  
%  called by function run 
%  returns : errorTotal: total average error for a given set of 
parameters 
%            bestval   : best (minimal) value of error in current 
simulations 
%            bestEind  : index in Egrid for which best error is achieved 
%            bestKind  : index in Kgrid for which best error is achieved 
%            bestNind  : index in Ngrid for which best error I s achieved 
%            bestEval  : best Ea value 
%            bestKval  : best k0 value 
 
app = getUD; 
 
% set minimum and maximum values of n and number of points in the Ngrid 
n1 = app.MinN; 
n2 = app.MaxN; 
NumN = app.NumN; 
n = linspace(n1,n2,NumN); % Ngrid 
 
% axes 'ax1' : (Ea,k0) plot 
ax1 = findobj('Tag','ax1'); 
axes(ax1); hold on; 
hCurrentPoint = plot(app.Egridrun(1),app.Kgridrun(1),'rd'); % displays 
current simulation on a (Ea,k0) plot as a red diamond 
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% axes 'ax2' : initialisation in (temperature,intensity) plot of hIntn - 
simulated curve, hBest - best simulated curve 
ax2 = findobj('Tag','ax2'); 
axes(ax2); hold on; grid on; 
hIntn = plot(0,0,'r.'); hold on; 
hBest = plot(0,0,'w-'); 
 
% axes 'ax3' : initialisation in Error plot of hError - deviation between 
experimental and simulated curves  
ax3 = findobj('Tag','ax3'); 
axes(ax3); hold on;grid on; 
hError = semilogy(0,1,'w.');  
set(ax3,'Color',[0.6 0.6 0.6]); 
 
% find a handle of 'Log' listbox 
lbxInfo = findobj('Tag','lbxInfo'); 
 
% set gas constant 
R = app.R; 
 
% initialise iteration variable 
iter = 1; 
 
% initialise matrix of errors (3 dimensional (Ea,k0,n)) 
errorTotal = ones(length(app.Egridrun),length(app.Kgridrun),NumN); 
 
% func = inline('exp(-E./(R*p))','p','E','R'); - old version Matlab 5.3 
 
% loop for Ea    
for iEa = 1:length(app.Egridrun) 
% create a function for integration  
func = @(t) exp(-app.Egridrun(iEa)./(R*t)); % t - is a temperature 
 
% loop for k0 
for ik0 = 1:length(app.Kgridrun) 
% loop for n 
for iN = 1:length(n) 
 
% initilase error vector for one set of (Ea,k0,n) 
error = zeros(1,3); 
 
for i=3:-1:1 % do it for all sets of experimental data 
 
% integrate intensity 
                y = zeros(size(app.data(i).intn)); 
y(1) = 0; 
for jj=2:length(app.data(i).intn) 
%                     intg = 
%                     
quadl(func,app.data(i).temp(1),app.data(i).temp(jj),[],[],app.Egridrun(iE
a),R); 
%                     % need to change to f = @(t) - old vesion Matlab 
5.3 
intg = quadl(func,app.data(i).temp(1),app.data(i).temp(jj)); 
if (n(iN)==1) 
% if n==1 
y(jj) = 1 - exp(-(app.Kgridrun(ik0)/app.data(i).beta)*intg); 
else 
% if n<>1  
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                        y(jj) = 1 - (1+(n(iN)-
1)*(app.Kgridrun(ik0)/app.data(i).beta)*intg)^(1/(1-n(iN))); 
end 
end 
 
% compute error for each experimental set 
error(i) = sqrt(sum((y-app.data(i).intn).^2)/(length(y)-1)); 
 
end 
% averaging error for one set of (Ea,k0,n) 
errorTotal(iEa,ik0,iN) = mean(error); 
 
% searching for optimal point 
if (iter==1) % initialisation of return parameters 
bestval = errorTotal(iEa,ik0,iN); 
                bestEind = 1; 
                bestKind = 1; 
                bestNind = 1; 
                bestEval = app.Egridrun(bestEind); 
bestKval = app.Kgridrun(bestKind); 
bestcurve = y; 
                app.bestcurve = y; 
setUD(app); 
else 
if errorTotal(iEa,ik0,iN)<bestval 
bestval = errorTotal(iEa,ik0,iN); 
                    bestEind = iEa; 
                    bestKind = ik0; 
                    bestNind = iN; 
                    bestEval = app.Egridrun(bestEind); 
bestKval = app.Kgridrun(bestKind); 
bestcurve = y; 
                    app.bestcurve = y; 
setUD(app); 
end 
end 
 
% plot current point on (Ea,k0) plot 
axes(ax1); hold on; 
delete(hCurrentPoint); 
hCurrentPoint = plot(app.Egridrun(iEa),app.Kgridrun(ik0),'rd'); 
set(hCurrentPoint,'Tag','CurrentPoint'); 
 
% plot simulated curve (red) and best simulated curve (white) on 
(temperature,intensity) plot 
axes(ax2); hold on; grid on; 
delete(hIntn); 
hIntn = plot(app.data(1).temp,y,'r-'); hold on; %  
set(hIntn,'Tag','intn'); 
delete(hBest); 
hBest = plot(app.data(1).temp,bestcurve,'w-'); 
set(hBest,'Tag','bestCurve'); 
 
% plot error on the Error plot 
axes(ax3); %hold on; 
hError = semilogy(iter,mean(error),'w.'); hold on; 
set(hError,'Tag','error'); 
 
% to let matlab update figure  
pause(0.00001); 
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% update iterator 
iter = iter+1; 
 
% add results of simulation to 'Log' text box 
str  = ['Error=',num2str(errorTotal(iEa,ik0,iN))]; 
            strbest = ['best: 
Ea(',num2str(bestEind),')=',num2str(app.Egridrun(bestEind)),' 
k0(',num2str(bestKind),') = ',num2str(app.Kgridrun(bestKind)),' 
n(',num2str(bestNind),') = ',num2str(n(bestNind)),' 
Error=',num2str(errorTotal(bestEind,bestKind,bestNind))]; 
val = get(lbxInfo,'Value'); 
info = get(lbxInfo,'String'); 
info = strvcat(info,[str,strbest]); 
set(lbxInfo,'String',info); 
set(lbxInfo,'Value',val+1); 
end% end of loop for n 
 
app=getUD; 
 
% checks to stop simulation 
if (app.stoprun) 
            app.stoprun = 0; 
setUD(app); 
return; 
end 
 
% cheks to skip simulation(s) 
if (app.skiprun) 
            app.skiprun = 0; 
setUD(app); 
break; 
end 
end% end of loop for k0 
end% end of loop for Ea 
 
setUD(app); 
